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CHAPTER 1

INTRODUCTION

The objectives of the research in this dissertation are to characterize the extent
of brain damage in a well-established "binge" model of alcohol dependence in rats,
and to determine if calcium (Ca2 +) influx mechanisms play a role in causing the
damage.

Neuronal degeneration leading to cognitive and sensory impairment is a

well-recognized consequence of alcohol abuse, but the underlying cellular mechanisms
are not understood.

Switzer et al. 211 reported, in an abstract, neuronal degeneration

in allocortical brain regions, including the dentate gyms, entorhinal cortex and
piriform cortex, of rats subjected to the Majchrowicz 4-day ethanol dependence
induction paradigm. 130 The affected areas were visualized with the de Olmos56 cupricsilver stain for neuronal degeneration.

The work presented here confirms and

quantifies these findings and also reports the new finding of degeneration in the
olfactory nerve terminals in the olfactory bulb.
It was then hypothesized that Ca2 + influx through voltage-dependent channels

or glutamate receptor-mediated channels was involved in the observed neurotoxicity.
To investigate this hypothesis, three drugs that reduce Ca2 + influx into the cell and are
neuroprotective

in other brain damage situations were given throughout ethanol

intoxication: nimodipine, dizocilpine malate (MK-801) and 6, 7-dinitro-quiiloxaline-

2

Z,3-dione (DNQX).

Nimodipine blocks voltage-gated Ca2 + channels (VGCC) and

reduces the amount of Ca2 + influx. 195 MK-801, which has been shown to selectively
block the N-methyl-D-aspartate (NMDA) activated receptor for glutamate in a noncompetitive manner, reduces Ca2 + influx through this ligand- and voltage-dependent
1
channe.

169

DNQX is a potent competitive antagonist for the kainate/quisqualate

(non-NMDA) receptor.

DNQX reduces sodium (Na+) influx through this ligand

sensitive Na+ channel and thus prevents depolarization of the cell. 98 ' 155 Because both
the NMDA receptor/channel and the VGCC require depolarization, DNQX would
thereby indirectly decrease Ca2 + influx through both channels.

Thus, these

experiments evaluate the possible neurotoxic importance of Ca2 + flux controlled by
these three channels in neuronal degeneration

induced by subchronic ethanol

intoxication.
These results were as follows: Nimodipine produced a small but significant
reduction of damaged in the olfactory bulb (ANOV A and Fisher PLSD) but did not
produce a significant reduction in any of the other areas. DNQX was able to produce
a statistically significant reduction of ethanol-induced degeneration in the insular and
orbital cortices. Surprisingly, MK-801 not only showed no protection but actually
caused damage by itself when given alone. MK-801 caused damage in all the same
areas as did subchronic ethanol, except for the olfactory nerve, which was unaffected
by MK-801.

Interestingly, low, non-toxic ethanol doses greatly potentiated MK-

801 's toxic effects.

3
This work also assessed the importance of several other factors that could be
related to the amount of observed neuronal toxicity due to subchronic ethanol: dose
of ethanol, blood ethanol levels (BEL's), behavioral intoxication scores, and
withdrawal. The BEL'sand behavioral intoxication scores were the only parameters
that correlated well with the amount of observed degeneration.

Withdrawal from

ethanol for 36-40 hours had no influence on the number of degenerating cells, but
it did appear to cause them to stain more intensely.
Possible mechanisms for the neuronal toxicity may depend on ethanol's ability
to block the NMDA receptor 126 and induce its up-regulation92 during chronic ethanol
exposure.

Up-regulation would make the cells supersensitive to glutamate-induced

excitotoxicity. 167

This may also explain the neurotoxic pattern of subchronic MK-

801, which resembles that of subchronic ethanol.

Ethanol also has been shown to

decrease the Ca2 + influx through VGCC 117 and up-regulate the numbers of these
channels after prolonged exposure. 63

Since the opening of either the VGCC or the

NMDA receptor/channel requires depolarization, 60 glutamate stimulation of the nonNMDA receptor/channel may also contribute to the toxicity in this model.

CHAPTER2

REVIEW OF THE LITERATURE

Alcoholism in Humans
Alcohol abuse is one of the largest health problems in the world. In the United
States nearly 75 3 of adults use alcohol, 15 3 develop problems with alcoholism, and
over 3 3 die from alcohol-related causes. 22 Along with these high costs are clinical
findings of 50-1003

correlations between alcoholism and significant post mortem

brain atrophy, indicating alcohol-induced neuronal loss. 175

In addition, magnetic

resonance imaging studies have also revealed brain atrophy in alcoholics. 36 ' 131
Consistent with the neuronal loss is evidence of cognitive deficits observed in
alcoholics. 66 ' 78

Alcohol-Induced Brain Damage in Animals
It is well documented that chronic ethanol exposure in rodents causes cognitive

deficits. 229 Walker et al. 227 demonstrated both cognitive deficits and brain damage in
rats fed alcohol chronically in a liquid diet with adequate nutrition. A 15-203 loss
of both hippocampal pyramidal cells and dentate gyrus granule cells was found in rats
after 20 weeks of 8-10 3

ethanol in liquid diet. 185 •226 •227

4

Cadete-Leite et al. 25 ' 26

5
reported a reduction in hippocampal CA3 pyramidal cells in rats fed an average of
9 g/Kg/day in the drinking water for 18 months. They also reported a reduction in
the thickness and the relative number of cells of the dentate gyms granular layer in
rats treated for 6 months, 12 months or 18 months. 23
known to play an essential role in memory, 142 ' 173 ' 206' 215

Since the hippocampus is
the ethanol-induced damage

in the hippocampus may be the major cause of the cognitive deficits.
Clearly, as described above, ethanol exposure in rats over many weeks or
months causes neuronal loss. The BEL's in these chronic models usually do not rise
above 150 mg/di. However, neuronal damage has also been demonstrated in adult
rats after subchronic (3-7 days) ethanol exposure that results in relatively high BEL's,
in the range of 300-500 mg/di. Switzer et al. 211 reported, in abstract form, that rats
treated via the Majchrowicz dependence induction paradigm, 130 involving 4 days of
repeated intubation with ethanol, develop selective degeneration in the dentate gyms,
entorhinal cortex, piriform cortex, and other related allocortical regions. However,
this was never published as a full paper.

6
Possible Mechanisms of Ethanol Neurotoxicity

A number of plausible neurotoxic processes may take place as a consequence
of ethanol exposure. These neurotoxic processes include impaired Ca2 + homeostasis,
up-regulation of NMDA receptors and VGCC, down-regulation of GABA receptors,
nitric oxide production, free radical production, thiamine deficiency, and decreases
in neurotrophic factors. The sum of all or some of these events would then either kill
the cells directly or increase their vulnerability to other stresses.

Elevated neuronal calcium may cause toxicity

Impaired Ca2 + homeostasis may play a key role in the neurodegenerative
process of alcoholism. Collins and Raikoff2 demonstrated elevated cytosolic levels of
Ca2 + in cerebrocortical synaptosomes from rats fed an alcohol/liquid diet for 4 and
10 months. 42 In addition, Majchrowicz and co-workers224 found significant increases
of synaptosomal Ca2 + binding in hippocampus and cortex after 4 days of alcohol
treatment.

The binding of 45Ca2 + was also significantly increased in hippocampus in

the 4 day treated rats but returned to normal 4-6 hours after the beginning of
withdrawal phase. 224

Rats intubated for 4 days via the Majchrowicz technique also

had increases in calmodulin, a Ca2 + binding protein, in the hippocampus and
cortex. 174
If ethanol causes neuronal degeneration due to increased intracellular Ca2 +

accumulation, the mechanism may be similar to that in excitotoxic glutamate-induced
degeneration.

Glutamate can elevate intraneuronal Ca2 + in four ways: 1) via the

7

NMDA channels, 2) via the VGCC, 3) through the Na+ /Ca2 + exchanger when the
internal Na+ concentration is high, thus causing exchange to run in the reverse
direction, and 4) through a non-specific membrane leak.

35

Lucas and Newhouse 128 showed that sustained exposure to glutamate can
destroy retinal neurons. Olney167 called this process excitotoxicity and found that it
was not unique to glutamate or retinal cells but was a common effect of all excitatory
amino acids on central neurons. The first stage of glutamate neurotoxicity is neuronal
swelling dependent on the influx of extracellular Na+ and
mimicked by other depolarizing agents. 32 ' 168 ' 187

er, an

event that can be

The second stage depends on the

influx of extracellular Ca2 +, an event that is dependent on membrane depolarization
but affects the cell more slowly. 32 Glutamate-induced

45

Ca2 + accumulation by cortical

neurons is closely correlated with resultant neuronal degeneration. 132
One action of elevated intracellular Ca2 + is to activate degradative enzyme
systems that either produce toxic products or directly destroy proteins.

If cellular

Ca2 + concentrations rise to pathological levels, structural proteins necessary for cellular
function, such as those involved in intracellular transport or cell structure, can be
damaged or destroyed. 32

Calpain I, a Ca2 +-activated neural protease, can degrade

several major neuronal structural proteins, including tubulin, microtubule-associated
proteins (MAP), neurofilament polypeptides, and spectrin. 201

Ca2 +-calmodulin-

dependent protein kinase II and protein kinase C can activate enzymes like nitric oxide
synthase via phosphorylation mechanisms. 160

Elevated cytosolic Ca2 + also activates

phospholipases capable of breaking down the cell membrane and liberating arachidonic

8
acid; metabolism of arachidonic acid by oxidases leads to the production of
destructive oxygen free radicals.

29

Free radicals could be an additional stress
Elevations in lipid peroxidation in brain following ethanol treatment have been
reported 15 •189 and, as mentioned above, may result from an increase of intraneuronal
Ca2+.

In addition, and possibly completely independent from lipid peroxidation,

neuronal cytochrome P-450 IIEl, which can exhibit a high rate of oxidase and H 20 2generating activity, is induced by ethanol in rat brain. 15 ' 94

Cytochrome P-450 IIEl

is present in cortical pyramidal cells and is especially prominent in hippocampus.
There also is evidence that ethanol causes fluctuations (both increases and decreases)
in the levels of glutathione and superoxide dismutase, indicating a response to the
presence of free radicals. 15 The oxidative stress on neurons could be very destructive
if the cell is already "vulnerable" due to the effects of abnormally high intracellular
concentrations of Ca2 +.

Increased calcium may ca.use release of nitric oxide (NO)
Another possible toxic mechanisms that could be activated by ethanol exposure
is the production of nitric oxide (NO).

NO acts as a novel neural messenger by

stimulating soluble guanyl cyclase, thereby increasing the levels of cGMP in target
cells. 223

At low levels NO appears to act as a neuromodulator at synaptic junctions,

but at higher concentrations it may be neurotoxic. 55 ' 120

Sodium nitroprusside, which

9
spontaneously decomposes to release NO, caused cell death (cortical cell culture) in
a dose dependent manner that parallels cGMP formation.

55

NO is also a reactive free

radical.
The enzyme nitric oxide synthase (NOS) converts arginine to NO and citrulline
using molecular oxygen. 74 This enzyme is dependent on both Ca2 + and calmodulin
and is phosphorylated

by cAMP-dependent

protein kinase, Ca2 + -calmodulin-

dependent protein kinase II, and protein kinase C. 160 Brain NOS has two binding sites
for flavins (FAD and FMN), a binding site for NADPH, and an absolute requirement
for calmodulin. 20 NOS resembles cytochrome P-450, which also has binding sites for
FMN, FAD and NADPH. 20 Hope et al. 99 found that neuronal NADPH diaphorase
and NOS have the same staining pattern and may actually be the same. Koh et al. 116
found that neurons containing NADPH-diaphorase were resistant to quinolinate
(NMDA agonist) toxicity and may lack NMDA receptors, having a preponderance of
kainate and quisqualate receptors.

NO can have an effect on specific receptor

systems and has been shown to block the activity of GABA, vasoactive intestinal
peptide (VIP) and ATP, thus creating another additional stress on cells. 14 ' 124

Since

NO is able to easily diffuse across the neuronal membrane, the cells that produce NO
and the cells that are affected by NO could be different.

Ethanol inhibits and up-regulates voltage-gated calcium channels
Voltage-gated Ca2 + channels (VGCC) are also known as the dihydropyridine
(DHP)-sensitive Ca2 + channels; alternatively they are called L-type Ca2 + -channels.
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Concentrations of ethanol greater than 25 mM inhibit voltage-sensitive Ca2 + influx
and endogenous neurotransmitter release from neurons. 22 ' 117

Chronic exposure to

ethanol can up-regulate the density of DHP binding sites that are associated with Ltype Ca2 + channels. 22 ' 63 ' 64' 90 ' 138 ' 202

In addition, the up-regulation is greater for mice

that were selectively bred for sensitivity to ethanol withdrawal seizures. 21
Nimodipine, a VGCC antagonist with cerebral vasodilatory and anti-ischemic
effects, 195 has been shown to protect pyramidal cells of the hippocampal CAI area
from ischemic damage. 154

The effects appear to be mediated by slowly inactivating

Ca2 + channels (L-type) whose blockade leads to a reduction of Ca2 + entry into
neurons.

Nimodipine has also been effective in ameliorating ethanol withdrawal

tremors in mice and rats. 62 ' 63 ' 64

It is important, however, to realize that the VGCC

are not the only major source of Ca2 + influx into the cell.

The NMDA

receptor/channel also can generate a large, voltage-dependent Ca2 + influx.

Pharmacology of the NMDA receptor

The NMDA class of glutamate-sensitive

receptor/channels

has a high

conductance, is permeable to both Na+ and Ca2 +, has a voltage-dependent Mg 2 +
blockade, 164 and is co-activated by glycine at its distinct binding sites. 104·m

Even

though the channel is permeable to both Na+ and Caz+, the latter is the more
important ion in terms of intracellular effects.
inhibited

by

The channel can be competitively

2-amino-5 -phosphonovalerate

phosphonoheptanoate

(APV)

and

2-amino-5-

(APH). 230 The channel can be non-competitively inhibited by
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phencyclidine
dextromethorphan.

(PCP),
33,110,125

MK-801,

ketamine,

dextrorphan,

and

Activation of the receptor/channel requires binding of

both glutamate and glycine while the membrane is simultaneously depolarized via the
non-NMDA glutamate receptors found in the same post-synaptic membrane. 60

Ethanol inhibits NMDA receptors and causes up-regulation
Low concentrations of ethanol (10-50 mM) inhibit NMDA-activated currents
in dissociated hippocampal cells in culture 126 and inhibit NMDA-stimulated Caz+
influx. 59 ' 96 This inhibition may involve reduced cooperativity of the glycine co-agonist
binding. 181 As a result of chronic blockade, an up-regulation occurs that increases the
number of NMDA receptors. 92' 97 ' 220

Chronic ethanol has also been shown to increase

the number of MK-801 binding sites, 87 ' 92 which presumably are equivalent to NMDA
receptors.

In addition, MK-801 has been shown to attenuate ethanol withdrawal

seizures, indicating that increased numbers of NMDA receptors may play a role in
withdrawal seizures. 87 ' 88 ' 152

Pharmacology of the non-NMDA receptors
There are two main classifications of the non-NMDA receptors: the kainate and
the quisqualate types.

The kainate class of glutamate receptor has an ionophore-

mediated response with a permeability to Na+ and a similar pharmacological sensitivity
to antagonists as the quisqualate receptor. 9 •49

The quisqualate class of glutamate

receptor (also called the AMPA receptor) is more specifically activated by cx:.amino-3-
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bydroxy-5-methyl-4-isoxazole

propionate (AMPA). 34

No selective endogenous

agonists have been identified, although it is possible that co-release of Zn2 + and
178
There are two sub-types of quisqualate receptors: one
glutamate may act together.

linked to a Na+ channel (ionotropic), and the other interacting with GTP binding
proteins (metabotropic),

leading to the generation of 1,4,5-inositol-trisphosphate

(IP3) and diacylglycerol (DAG), the mobilization of intracellular Ca2 +, and the
activation of protein kinase C. 163 ' 204 ' 209

The receptor can be blocked non-selectively

by kynurenate or o-glutamyl-glycine (OGG), or with some selectivity by 6,7-dinitroquinoxaline-2 ,3-dione (DNQX), 155 6-cyano-7-nitro-quinoxaline-2 ,3-dione (CNQX), 98
2,3-dihydroxy-6-nitro-7-sulfamoyl-benzoquinoxaline

(NBQX), 200

'Y-aminomethyl

sulfonate (GAMS), 54 or Joro spider toxin. 192
Even though there is no large Ca2 + influx due to AMPA receptor stimulation,
it is linked to IP3-mediated release of intracellular Ca2 +, and both the VGCC and the
NMDA receptor/channel depend on depolarization of the membrane, a feature which
makes them dependent on AMPA stimulation. Currently, there is no known direct
effect of ethanol on the non-NMDA receptors. Ethanol shows only small reductions
of both kainate and quisqualate currents compared to significant reductions to
NMDA-activated currents. 231

Ethanol increases GABA stimulated chloride flux
Another possible site of ethanol toxicity could be the GABAA receptor.
GABA A receptor activation results in sedation and a decrease in muscle tone. 8' 22 ' 194
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Blockade of GABAA receptors by either bicuculline or picrotoxin leads to excitation
and generalized seizures. 22
mediated

36

Ethanol (10-50

mM) potentiates GABAA receptor-

Cr influx in isolated brain membrane vesicles. 1•22 •210 Low concentrations

of ethanol also facilitate GABAergic inhibition in cerebral cortex. 22 ' 162
ethanol-induced enhancement of GABA-activated
a single administration

of ethanol

and

36

Tolerance to

Cr influx develops quickly after

persists

following chronic

alcohol

exposure. 2,22,1s3
There is evidence that GABA receptor function is down-regulated after chronic
alcohol administration. 68 ' 79 ' 184' 188

The density of binding of [3H]flunitrazepam (a

ligand for the benzodiazepine complex) is reduced by 20 % to 30 % in the frontal
cortex and hippocampus of human alcoholics. 22•69 •70

This decrease in GABA

receptors could increase the excitability of cells. These same cells could also have an
increase in the number of NMDA receptors.

These two factors would be additive,

producing a large increase in cell excitability, and thus both could contribute to injury
to the neuron.

Thiamine deficiency
Neuronal death in the mammillary bodies and thalamus is linked to thiamine
(vitamin B6) deficiency, a condition which is common among chronic alcohol
abusers. 12 ' 127

The lack of this important co-factor would restrict the activity of

metabolic enzymes such as pyruvate decarboxylase and transketolase. 127

This could

effectively shut down the citric acid cycle, thus greatly decreasing the cell's-supply of
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ATP.

The production of GABA and glutamate would be decreased because the

carbons that are used to synthesize these molecules are derived from the citric acid
cycle. Decreasing the production of GABA might have similar consequences as a
decrease in receptor expression.
The opposite possibility is the up-regulation of NMDA receptors as a
consequence of decreased glutamate concentration. It has been shown that treatment
with pyrothiamine causes brain damage similar to thiamine deficiency and this damage
can be blocked by MK-801. 121 •121

Despite this interesting finding, the cells that are

most vulnerable to excitotoxic damage are not affected by thiamine deficiency.
Specifically, cells that are rich in NMDA receptors, such as cortical pyramidal cells,
hippocampal pyramidal cells in subfield CAl, granule cells in the dentate gyrus and
amygdalar neurons, are not vulnerable to damage caused by thiamine deficiency. 127

Role of neurotrophic factors

Another major effect of alcohol, which may be unrelated to all the other toxic
mechanisms listed so far but may contribute to the overall toxicity, is a decrease in
synthesis of neurotrophic factors. 229

Chronic alcoholism with dementia has been

shown to be accompanied by a degeneration of cholinergic neurons in the basal
forebrain and a decrease in activity of choline acetyltransferase in the cortex and
hippocampus. s,166,229

Chronic ethanol treatment in rats has shown similar findings

with a decrease in acetylcholinesterase-positive neurons in the basal forebrain and
reduced choline acetyltransferase and acetylcholinesterase in basal forebrain and
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hippocampus.

7,229

The basal forebrain

has cholinergic projections

to

the

hippocampus, olfactory bulb, piriform cortex, entorhinal cortex, neocortex, pineal and
amygda1a.

100,137,139,229

Nerve growth factor (NGF) appears to be required for survival

of basal forebrain cholinergic neurons, with the highest concentration of NGF protein
and mRNA being found in the hippocampus and cortex. 80 ' 229 ' 232

Walker et al. 228 has

shown that chronic ethanol exposure reduces the neurotrophic
hippocampus.

activity in rat

Since the target cells of these NGF-requiring cholinergic cells project

to regions that have degenerated following subchronic ethanol exposure, the decrease
in NGF may be a result of damage or death to the NGF-producing cells.

Dehydration theory
Although there is evidence that ethanol affects specific receptor systems, there
is little understanding of how ethanol can affect these membrane proteins.

A

generally accepted view of ethanol action is that it partitions into the neuronal
membranes and alters its fluidity. 84 This change in fluidity could have allosteric affects
on membrane receptors; however, Klemm 115 argues that intoxicating doses of ethanol
only cause a 1-2 % change in membrane fluidity. 233
A recent but controversial theory put forth by Klemm 115 postulates an
important role for gangliosides which are found in high concentrations in neuronal
synapses. Gangliosides are sialicacid-containing glycolipids. Klemm's "dehydration"
theory of ethanol speculates that these gangliosides cluster around the receptor
proteins and are held in place with hydrogen bonds with water serving as bridges.
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Since ethanol has both polar and non-polar ends, it can also hydrogen-bond with the
receptors or gangliosides, but would not "bridge" the two together like water. The
gangliosides would not cluster around the receptor-proteins because the hydrogenbonded seal is disrupted, allowing for lateral diffusion of the gangliosides and exposing
them to sialidase enzymes.
Klemm et al. 114 found that total brain ganglioside decreased 25 % and free
sialic acid increased 15 % in mice one hour after ethanol treatment.

This theory is

consistent with observations that ethanol has an affinity for the membrane surface and
has little effect on the hydrocarbon interior, causing more disordering in the exofacial
membrane leaflet than in the cytofacial leaflet. 115 ' 222

This dehydrating effect of

ethanol would then change the environment of the membrane-bound

protein

receptors due to loss of hydrogen-bonded water. A change in the membrane fluidity
could be caused by the loss of the gangliosides rather than by a direct affect of ethanol
on the membrane.
Klemm' s theory provides a possible explanation of how ethanol affects
membrane receptors without having a specific binding site on the protein molecule
itself. The NMDA receptor may be affected by being allosterically inhibited when the
micro-environment around the receptor proteins changes.

Summary of Ethanol's Possible Mechanisms of Neuronal Toxicity
The toxic properties of ethanol may not be due to any one mechanism but
rather to summation of several simultaneous neurotoxic mechanisms that together lead
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to cell injury or death.

Increased intracellular Ca2 + levels may produce several

"stresses" on a cell, including not only free radical production but also pathologically
high proteinase activity which could directly degrade the cell proteins.
In brief, despite the fact that acute ethanol exposure may actually be protective
against Ca2 + related cellular stresses because of it's ablility to inhibit the NMDA
receptor, chronic exposure, resulting in up-regulation of both the NMDA receptors
and VGCC, would have the opposite affect. Up-regulation of both NMDA receptors
and VGCC would increase the likelihood of excessive Ca2 + entry, thus leading to
increased vulnerability to proteinase activity and free radical concentrations.

CHAPTER3

OVERVIEW OF EXPERIMENTS

In light of the literature on ethanol toxicity, several questions arose regarding
Switzer's findings 211 and the 4-day ethanol intoxication model. First, could Switzer's
findings of neuronal damage in specific cortical regions of the rat brain caused by only
4 days of high BEL's be confirmed and quantified?

Second, if confirmed, is the

damage a direct result of ethanol treatment or an indirect consequence of withdrawal
seizures? Finally, would drugs that have known neuroprotective properties against
"excitotoxic" types of neurodegeneration, such as MK-801, DNQX and nimodipine,
be protective against ethanol-induced neurotoxicity? Two experiments were carried
out to address these questions.

Hmothermic Study

The objectives of the first study of this dissertation were to confirm ethanolinduced brain damage, to determine ifthe observed damage is due to withdrawal, and
to determine if 100 mg/kg/day of nimodipine treatment could lessen the damage.
A dose of 10 mg/kg/day nimodipine was given during a preliminary study and was
determined to be ineffective (data not shown). Three groups of rats were studied:
group

"E.i"

was ethanol-treated, group

"E.iW"
18

was ethanol-treated and permitted to
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endure withdrawal, and group

"EiiW + NlOO"

was ethanol-treated

followed by

withdrawal and co-treated with 100 mg/kg/day of nimodipine throughout.

Since it

was noted that all the rats in this group became hypothermic, the "h" was added to
their group name to distinguish them from the groups of rats used in later
experiments.

In addition the locations of the degenerating neurons that result from

4 days of the high dose ethanol exposure model were mapped out. A line drawing
indicates where these cell are found and photographs display what this damage looks
like at the cellular level. This data is found in Chapter 5. Cell counts were also done.

Euthermic Study
Since ethanol-induced hypothermia was observed in early experiments and since
hypothermia is reported to be protective against ischemic neuronal damage, 95 in the
later experiments the rat cages were placed on top of a heating blanket throughout
the whole treatment. The specific questions to be answered in this study ask if higher
doses of nimodipine protect against ethanol-induced

degeneration,

since 100

mg/kg/day did not. Also, can DNQX, an AMPA antagonist, protect against ethanolinduced degeneration?

And, can MK-801, an NMDA antagonist, protect against

ethanol-induced degeneration. And finally, what is the relation of other variables such
as temperature, blood ethanol levels, dose, and behavioral intoxication level to
neuronal damage?
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The following nine groups of rats were used:
1.

Group "E" was ethanol-treated.

2.

Control group "C" was a control for group "E" and received no ethanol.

3.

Group "E+ N600" was ethanol-treated and co-treated with 600 mg/kg/day
of nimodipine.

4.

Control group "N600" received 600 mg/kg/day nimodipine.

5.

Group "E+DNQX" receive ethanol and icv co-treatment with DNQX (0.240.29 mg/kg/day) in 50% DMSO.

6.

Control group "DNQX" received only DNQX.

7.

Control group "ICV" received only 50% DMSO icv.

8.

Group "lowE+ MK-801" received 2-2.4 mg/kg of MK-801 in a subcutaneous
osmotic pump and was co-treated with

9.

ethanol.

Group "MK-801" received only MK-801.

In all groups, cell counts were done in various brain regions. These regions
were: cortex-amygdala transition area (CxA), piriform cortex (Pir), orbital cortex
(Orb), insular cortex (Ins), perirhinal cortex (PRh), entorhinal cortex (Ent), dentate
gyrus (DG), CA regions of the hippocampus (CA) an the olfactory nerve terminals
in the olfactory bulb (ON).

This data is contained in chapter 6.

CHAPTER4

GENERAL MATERIALS AND METHODS

AnimaJs and Procedures
All rats were housed singly in an AAALAC (American Association for
Accreditation of Laboratory Animal Care)-approved facility. All instruments and the
surgical field were sterilized with 70 % ethanol at the beginning of each surgery. All
water used in all procedures and experiments was deionized from distilled water using
a Millipore Milli-Q water system. All rats described in this dissertation were implanted
with an intragastric cannula.

Surgical procedures
Adult male Sprague-Dawley rats (250 g - 280 g, Sasco), were allowed to
acclimate for at least 48 hours on a 12 h - light I 12 h - dark cycle (6:00-18:00).
After an overnight fast the rats were implanted with an intragastric cannula using the
method of Dees et al. 58 The cannula was made from a butterfly infusion set catheter
(Abbott), that was trimmed to 7.5 mm in length and had a rubber flange made from
a piece of rubber tubing glued to the distal end.

The rats were anesthetized with

sodium pentobarbital (40 mg/Kg i.p.) and then given atropine (1 mg/Kg s.c.). A
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small 2 cm incision was made under the last rib and a 0.5 cm incision behind the
neck. A subcutaneous tunnel was made with a blunt tipped hemostat to connect the
two wounds. The cannula was then pulled through the tunnel from the back of the
neck to the underside. The neck wound was then clipped. A small incision (less
than 2 cm) was made in the abdominal muscle wall to expose the stomach. The
stomach was located and pulled out through the opening. A small cut of less than
0.5 cm was made in the stomach, being careful to not let any of the gastric juices
touch the exposed organs or wound. The flange at the tip of the catheter was
carefully inserted into the stomach, and the opening sutured closed on both sides of
the catheter. The abdominal muscles were then closed up around the catheter.
About 1 ml of water was then injected through the cannula to prevent the tube from
plugging up. All toe nails were clipped to prevent the rat from pulling out the
cannula.

All wounds then had 5% xylocaine ointment (Astra Pharmaceutical

Products) applied to them. The rats were given about 36 hours to recover before
starting the ethanol treatment.

The morning following surgery, solid food was

provided (ad lib.), and on the second morning ethanol administration was initiated.

Ethanol administration

Ethanol was administered via the gastric cannula 3 times daily at
approximately 9 am, 5 pm, and 1 am for four consecutive days. One ml of water was
injected through the feeding tube after each treatment to clear the tube. The 25%
ethanol solution consisted of 25g ethanol (31 ml of 95%) diluted with water to 50 ml
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final volume. To this, 50 ml of a nutritionally complete liquid diet (Vanilla Ensure,
355 cal/8 fl. oz., Ross Laboratories) was added. The rats were given the largest dose
of ethanol that could be tolerated.

The dose given was based on the behavioral

condition of the rat prior to the intubation (Table 1). In experiment 1, the rats had
access to water and solid food throughout the ethanol treatment but did not drink or
eat due to heavy intoxication; all water and nutrition during this time came through
the liquid diet. In experiment 2, no ad lib. water or solid food was available to the
rats, all water and food was given via the feeding tube. The controls were fed 5 ml
of 50% (v/v) Ensure followed by 1 ml of water 3 times daily as their only source of
water and nutrition.

Behavioral intoxication score
Using table 1, a "feeding time" behavioral intoxication score was assigned
before each ethanol dose and used to determine the size of each dose as described in
the previous section.

Intoxication scores were also estimated before the daily BEL

measurement at 11 am to' determine the correlation of intoxication score and BEL.
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Table 1.--Intoxication rating scale

BEHAVIORAL
INTOXICATION SCORE

BEHAVIOR

DOSE

5 - NO RIGHTING

no righting reflex
no reaction to pain

0 g/Kg

4 - ATAXIA 3

unable to stand on all fours,
crawling

1 g/Kg

3 - ATAXIA 2

able to stand but very
ataxic

2 g/Kg

2 -ATAXIA 1

staggering but mobile

3 g/Kg

1 - SEDATION

slow but looks and acts
normal

4 g/Kg

0 - NEUTRALITY

curious & friendly

5 g/Kg

Note: This table is used to determine the dose of ethanol to be given at each feeding.
For example; a 250 g rat with behavior condition 2 would receive 3 g/Kg or 3 ml
of the 25 % solution. Adapted from Majchrowicz. 130
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Blood ethanol levels (BEL's)
Tail blood samples were taken at 11 am (within 2 hours after the morning
dose) on days 2, 3 and 4 of ethanol treatment. The samples were drawn from a nick
in the tail with 50 µl heparinized micro-hematocrit capillary tubes (Scientific Products)
and transferred to 10 ml glass vials containing 1 ml of a 0.4 3 perchloric acid (PCA)
and 0.033 n-propanol (made by adding 20µ1 of n-propanol to 60 ml of the 0.43
PCA) solution. The vials were capped with rubber stoppers, sealed with aluminum
caps, and stored in a -80°C freezer.
Prior to analysis the samples were heated to +60°C.

After 20 minutes, 1 ml

of the "head space" vapor was removed with a Hamilton gas tight syringe and injected
into a Varian Aerograph series 2400 flame ionization gas chromatograph equipped
with a 6 foot glass poropak N column (oven temperature 150°C).

The ratio of the

peak heights of ethanol to the n-propanol internal standard were calculated and
compared to a least squares plot made from a set of standards prepared from dilutions
of 95 3 ethanol.

Body temperatures

The rectal temperatures were measured every day at 11 am, the same time
that the BEL's were obtained.
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Experimental Groyps of Rats

Hypotbermic groups
Group

"EiiW"

- 4 days of ethanol treatment

+

hypothermia

+

withdrawal.

Ten rats were treated with the 4-day ethanol administration protocol (6 survived) and
then were permitted to undergo 36-40 hours of withdrawal before being sacrificed
on the afternoon of day 6. Rats had access to solid food (ad lib) during withdrawal
phase and did not receive liquid diet during this time. Since these rats had a mean
11 am body temperature of about 35°C during the ethanol treatment, the term
hypothermic was used to describe them.
Group
withdrawal

+

"EiiW + NlOO"

- 4 days of ethanol treatment

nimodipine (100 mg/kg/day).

the same as in group

"EiiW"

+

hypothermia

+

Eleven rats were treated with ethanol

and were simultaneously given 100 mg/kg/day of

nimodipine in 5 fractional doses throughout the day administered via the intragastric
cannula at 9 am, 1 pm, 5 pm, 9pm and 1 am (7 survived).

The nimodipine

treatments continued throughout the withdrawal phase. The source of the nimodipine
was 30 mg capsules containing drug dissolved in 1 ml of a mixture of glycerin,
peppermint oil, purified water and polyethylene glycol 400

(Nimotop,

Miles

Laboratories, West Haven, CT}.
Group "Eh" - 4 days of ethanol treatment

+

hypothermic.

Eleven rats were

treated according to the ethanol administration protocol but were not permitted to
experience a withdrawal period (7 survived). The rats were sacrificed on the morning
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of day 5 while still intoxicated. An additional final dose of ethanol was given at 9 am
to prevent withdrawal prior to sacrifice. Data from all of these hypothermic groups

(Eii, EiiW, EiiW + NlOO) was analyzed by ANOVA and Fisher PLSDtests for multiple
comparisons.

Euthermic groups
Group "E" - 4 days of ethanol treatment.

Twenty one rats were treated the

same as the rats in group "}\", receiving the 4 day ethanol protocol and being
sacrificed while still intoxicated on day 5 (16 survived). Unlike group "}\", the rats
in this experiment were not allowed to become hypothermic.
placing the plastic cages on top of a heating blanket.

This was achieved by

All rats were monitored

frequently (4-6 times a day) throughout the experiment with a rectal temperature
probe. If a rat's temperature dropped below 36.5°C , the cage was placed on the
heating blanket. If the rats temperature rose above 37.5°C, the cage was removed
from the heating blanket.
Group "C" - control for "E" group. Group "C" (6 rats) was given liquid diet
only and is a control for group "E".
Group "E+ N600"
mg/kg/day).

- 4 days of ethanol treatment

+ nimodipine (600

Twenty rats were treated the same as in group "E" and also received
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co-treatment of 600 mg/kg/day nimodipine in 5 fractional doses, via intragastric
cannula, the same as group
Group "N600"

"EiiW + NlOO"

(12 survived).

- Control for "E+ N600"

group.

Group "N600"

(4 rats)

also received 600 mg/kg/day nimodipine in 5 fractional doses as a control for group
"E+N600".
Group "E+ DNOX" - 4 days of ethanol treatment + DNOX. Seventeen rats
were implanted in the left ventricle with an icv infusion cannula connected to a
subcutaneous Alzet 2001 osmotic pump (15 survived). The pumps contained 0.6
mg of DNQX in 200 µl of 50% dimethyl sulfoxide (DMSO)/water.
a rate of 1 µI/hour, thus delivering a dose of 0.072
mg/kg/day depending the mass of the rat).

This infuses at

mg/rat/day

(0.24-0.29

They were also implanted with the

intragastric cannula described in surgical procedures in this chapter.

These rats

received the same ethanol treatment as groups "E" and "E+ N600".

The drug

infused for a full day before the start of the ethanol treatment and continued
throughout the treatment.
Group "DNQX" - control for "E+ DNOX" group. Group "DNQX" (4 rats)
was implanted with the Alzet brain infusion set and received DNQX dissolved in 50 %
DMSO, to control for group "E+ DNQX". The rats received the drug for 5 days and
then were sacrificed.
Group "ICY" - control for ICY treatment.

Group "ICY" (3 rats) received icv

50% DMSO (no drug), to test for the effect of DMSO/water vehicle as another
control for group "E+DNQX".
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Group "MK-801" - MK-801 administration. Eighteen rats receiving MK-801
were implanted subcutaneously, at the time of intragastric cannula surgery, with an
Alzet model 2001 osmotic pump that contained 200 microliters of 25 mg/ml of
MK-801 in 50% DMSO/water (2.0-2.4 mg/kg/day).

The rats were also fed (via

intragastric cannula) with 5 ml of 50% (v/v) "ENSURE" 3 times per day (14
survived). The treatment was for 5 days.
Group "lowE+ MK-801" - MK-801 and low doses of ethanol. Eight rats were
treated with the combined effect of MK-801 and low doses of ethanol (BEL's below
300 mg/dl).

High doses of ethanol and MK-801 were found to be lethal in a

preliminary study therefore only low doses were tolerated by the rats (4 survived).
The drug infused for a full day before the start of the ethanol treatment and
continued throughout the treatment (total of 4 days of ethanol and 5 days of MK801).
Data from all of these euthermic groups was analyzed by a separate ANOVA
and had Fisher PLSD test for multiple comparisons applied to them.

Perfusion and Fixation
After anesthesia with 80 mg/kg i.p. sodium pentobarbital, the rats were
perfused intracardially with 4% paraformaldehyde in 0.4 m phosphate (pH 7.4)
buffer (made from 41.4 g sodium phosphate monobasic and 170.3 g sodium
phosphate dibasic dissolved in 3. 78 liters of deionized water.

The brains were

30
removed and kept for at least 2 days in a solution of buffered paraformaldehyde
containing 30% sucrose (w/v).

Histology
Frozen sections were cut in the horizontal plane at 50 µm thickness, saving
sections every 250 µm.

The sections were stored in the phosphate-buffered

paraformaldehyde (less sucrose) for at least 4 days.
All procedures described were done in a fume hood. All glassware and staining
boats (made from small plastic ice cube trays containing 72 wells) were first washed
with Chromerge (chromic acid made from VWR kit, chromium trioxide added to
concentrated sulfuric acid), rinsed thoroughly with water, and then cleaned again with
50 % nitric acid followed by another thorough washing with water.

De Olmos cupric-silver st.aining

Floating tissue sections were placed in the 72 well staining boats, and the
staining boat and sections were washed with 200 ml deionized water five times for 1
minute each to remove phosphate ions and other compounds that complex with silver.
The sections were stained by the cupric-silver method of de Olmos et al. 56 by
immersing the staining boat in a silver solution that was made from 150 ml of water,
3. 75 g of silver nitrate, 2.25 ml of 0.5 % (w/v) cupric nitrate, 12 ml of 95 %
ethanol, and 6 ml of pyridine. The staining dish was then wrapped in aluminum foil
to protect the silver from light.
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After 48 hours, the staining boat containing the brain sections was removed
from the silver solution and rinsed for 1 minute by placing in water. The boat and
sections were then placed in acetone for 3 minutes. After removal from the acetone
bath, the boat and sections were then placed directly (without rinsing) in ammoniacal
silver. This was prepared by adding 12 g of silver nitrate to 60 ml of water with
magnetic stirring, followed by the addition of 30 ml of 0.4 % (w/v) NaOH (a dark
colored silver hydroxide precipitate forms), and the addition of 15 ml of concentrated
(15N) ammonium hydroxide (the silver hydroxide redissolves into a clear solution),
and an additional 60 ml of water. After 35 minutes in the ammonium/silver solution,
the boat was then placed directly in a reducing solution. The reducing solution was
made from .12 ml of 37% formalin (unbuffered), 7 ml of 1 % citric acid, and 53 ml
of 95 % ethanol, all brought to a volume of lL with water. After 5 minutes in the
reducing solution, the sections were washed in water for 1 minute and then bleached
with 3 %-4 % fresh potassium ferricyanide for about 10 minutes or until the sections
were straw yellow. (If the potassium ferricyanide solution was reused, the bleaching
time to get straw yellow sections increased.) The sections were washed in water for
1 minute and then placed in 1 % (w/v) sodium thiosulfate for 1 minute. The sections
were washed in fresh water 3 times for 1 minute each time.
The sections were mounted on glass slides that were thoroughly pretreated.
The pretreatment included washing each slide with soap and water, rinsing, and then
washing in chromic acid for several hours.

The glass slides were then thoroughly

rinsed in water and dried in a 60°C oven.

The slides were then dipped· twice in
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gelatin solution and dried each time in the oven. The gelatin "subbing" solution was
made from 10 g of gelatin and 500 ml of water, heated until completely dissolved.
Chromium potassium sulfate (0.25 g) was added and the mixture was stirred and
gravity filtered while still hot. The solution was then stored in the refrigerator. Prior
to use, the solution was placed in the 60°C oven.
After the sections were mounted on the glass and allowed to dry, the slides
were dipped in water for 1 minute.

The slides were then dehydrated: They were

dipped in 2 consecutive baths of 70% (v/v) ethanol for 1 minute each, followed by
2 baths of 95% and 2 baths of 100% ethanol for 1 minute each bath. The slides
were dipped in 2 baths of Histoclear for 1 minute each, removed one at time and
smeared with Depex and coverslipped.

Nissl counterstaining
Some slides were later counterstained with a Nissl stain.

The slides to be

counterstained were placed in xylenes (a mixture of ortho- meta- and para-xylene) in
a fume hood. The next day (in a fume hood) the coverslips were carefully removed,
and the slides were then placed in Xylenes for 1 hour to remove the mounting media.
The slides were then placed in a bath of Histoclear for 5 minutes, followed by 2
baths, 5 minutes each, in 100% ethanol, 95 % ethanol, and 70% ethanol.

The

sections were then dipped briefly in water before being placed in Nissl stain (cresyl
violet acetate, 0.1 g per 100 ml of water plus 15 drops of 10% acetic acid) for 45
seconds to 1 minute.

The sections were then rinsed in 70% ethanol (twice) to
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remove the excess stain and then dehydrated again (5 minutes each 95 3 and 100 3
ethanol, twice each) followed by 5 minutes in histoclear (twice) and recoverslipped.

Data collection and analysis
Degenerating cells were defined as "dark neurons" with dendrites or axons
clearly observable.
counted.

Dark objects that could not be identified as a neuron were not

Examples of typical stained degenerating neurons can be seen in figures 2

through 8 in chapter 5.

Cell counts
Total degenerating cell counts of all the degenerating cells found on 50µm
thick horizontal section at levels 6.5, 6. 75, 7.0, 7.25 and 7.5 mm below bregma
were counted for all the rats in experiment 1. The cell counts were recorded in 4
areas. The first area was the CA regions of the hippocampus, the second was the
dentate gyms, the third was the temporal cortex (which included both the perirhinal
and entorhinal cortices), and the forth was the rostral lateral limbic cortical areas
(which included the piriform, orbital and insular cortices). The counts were measured
as the sum of all the cells counted in each region on all 5 sections for each rat.

Cell densities
Degenerating cell densities were recorded for all rats in experiments 1 and 2.
All cells that fell within a 425µm diameter microscope field (40x lens objective and
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lOx eyepiece) placed at specific locations on both the left and right sides of the brain
were counted.

These locations are illustrated in Figure 1 (page 53) as circles, and

their locations were selected on the basis of preliminary analysis of the results. The
counts were done at horizontal levels (50µm thickness) at 4 mm, 6. 75 mm, 7 mm,
7.25 mm, and 9 mm below bregma as determined from the atlas of Paxinos and
Watson. 177

The counts were done at the following locations:

Circle # 1. CxA (cortex-amygdala transition area) at -9 mm. The window
was placed in the center of this nucleus at about 4 mm lateral and 1 mm posterior
to bregma and counted on both left and right sides. The average counts per field
recorded for this region was the average of the two counts.
Circle # 2.

Piriform cortex at -9 mm at about 5 mm lateral and 1 mm

posterior. Like the CxA, the average count per field was the average of the left and
right counts.
For the following 3 areas, the same locations were counted on 3 horizontal
levels (6.75 mm, 7 mm & 7.25 mm below bregma) on both left and rights sides for
a total of 6 locations counted for each rat. The average counts per field reported for
each rat was the average of these 6 counts for each region:
Circle# 3. The orbital cortex was measured at the approximate coordinates
of 5 mm lateral and 2 mm anterior.
Circle# 4. The insular cortex was measured right next to the notch in the
tissue found near the coordinates of about 5 mm lateral and 1 mm anterior.
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Circle # 5. The perirhinal cortex was measured at about 7 mm lateral and 4
mm posterior.
For the entorhinal cortex and dentate gyrus, 12 locations were counted for
each rat, 2 on each side for levels 6.75 mm, 7.0 mm and 7.25 mm below bregma
on both left and right sides for a total of 12 counts. The average counts per field
recorded was the average of these 12 counts.
Circle# 6. The entorhinal cortex was counted at two locations. The first one
was in the lateral entorhinal cortex at about 6 mm lateral and 8.5 mm posterior. The
second was in the intermediolateral area at about 5.5 mm lateral and 8 mm posterior.
Circle# 7. The dentate gyrus was counted in two locations. The first location
was lateral at about 4.5 mm lateral and 6.5 mm posterior, and the second location
was the medial at about 4 mm lateral and 6.5 mm posterior.
The two following counts were for the entire area rather than a field within the
area:
Circle# 8. The CA regions of the hippocampus had total cell counts done for
levels 6. 75, 7 and 7.25 mm below bregma on both left and right sides. The average
"counts per field" recorded was the average of the 6 counts taken.
Circle # 9.

The counts of the olfactory bulb reflect the number of

degenerating glomeruli for the entire left and right bulb at 4 mm below bregma. The
average "counts per field" recorded was the average of these two counts.
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Statistical analysis

For each group of rats, the "group average" was calculated for each region by
averaging the "average counts per field" of all the rats in that group.

The group

averages were compared to the same region of the other groups using ANOV A
followed by Fisher PLSD tests.

Separate ANOVA's

were carried out for the

hypothermic and euthermic studies. In order to further evaluate the data, the average
counts per field for each region of each rat was plotted as a function of BELand a first
order linear regression line was fit to the data.

The regression lines were then

compared to each other using the ANOVA for comparison of multiple regression
lines followed by the Tukey test for multiple comparisons. 236

Statistical analysis of blood ethanol levels, temperature, intoxication levels, and dose

A "feeding time intoxication rating" was estimated when the rats were given
the ethanol/liquid diet at 9 am, 5 pm and 1 am.

The "average feeding time

intoxication rating" is the average of 9 values: the 3 values for each day on days 2,
3 and 4.

Each ethanol dose was determined from the "feeding time intoxication

rating" (table 1, page 24). The "daily dose of ethanol" given to each rat, measured
in grams was divided by the weight of the rat on that day. The "daily doses" for all
four days were then averaged to get the "average daily dose" for each rat measured
in g/kg/day.
BEL measurements were taken at 11 am on days 2, 3 and 4. The "average
11 am BEL" is the average of these three measurements.

Body temperatures, taken
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at the same time that the BEL was measured, were also averaged on days 2, 3, and
4 and recorded as the "average 11 am temperature".
were also observed at these same time points.

Behavioral intoxication ratings

The "average 11 am intoxication

rating" is the average of the three estimates recorded.

Mathematical formulas used for statistics
The ANOVA's and FisherPSLD'swere calculated using the computer program
STATVIEW.

The ANOV A's for comparisons of multiple regression lines were

calculated manually with the help of the spreadsheat program LOTUS 123.

The

following will first list the formula's that are used to calculate a standard ANOVA
followed by the formulas to calculate the ANOV A for comparison of multiple
regressions:
First the Total sum of squares (total SS) was calculated to determine the
variability among all data from the grand mean (X).

Xij

is each value were the

subscript i refers to the group that this value comes from and the subscript j refers to
each value within the group. Large sigma (L) is used to tell one to sum up all values
from all groups together. The total degrees of freedom (total DF) is the total number
of values (N) minus one.

total DF = N - 1
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Next, the among groups sum of squares (groups SS) was calculated. The value
~

is the number of samples within each group. Xis the average of all values in the
~

total set and

is the average of each group. The value k is the number of groups.

groups SS

= L J\(~-X) 2

groups DF

=k-1

Next, the within groups sum of squares (error SS), also known as the error sum
of squares was calculated. The symbol small sigma (E) tells one to sum up the sum
of squared differences in each group separately relative to the

L tells one

~for

each group and

to then sum the groups' sums together.

error SS

= L[E(Xij-~) 2]

error DF

=

N -k

For the sake of computer programming, the same calculations can be more
easily done by using the following mathematically equivalent methods which do not
rely on calculating all the differences first. A correction factor (CF) is used which is
the sum of all values totalled first then squared and then divided by the total number
of values (N).

The total SS is the sum of all the values squared first then totalled,

minus the correction factor (CF). The groups sum of squares is the sum of each
group totalled separately then squared then divided by the I\ for each group, then

39
those values summed together, minus CF. The F can be calculated very simply from
here after calculating the mean squares (MS).
CF= (LXi//N

LXij

total SS =

2

-

CF

groups SS = L[(EXij) 2/J\]

- CF

error SS = total SS - groups SS
group MS = groups SS/groups DP
error MS = error SS/error DP
F = groups MS/error MS

The comparison of multiple regression lines would use the following set of
formulas:
2

Ai = EX

Ac=
A

=

2

[(EX) ]/J\

-

LAi
LX

summing of all lines

2

-

[(LX) 2]/N

Bi = EXY-[(EX)(EY)/J\
BC

=LB.

B = LXY-[(LX)(LY)/N

cc=

c

=

2

calculated for all values
calculated for each line
summing of all lines

I

Ci = EY

calculated for each line

-

Lei
LY

2

2

[(EY) ]/I\

calculated for all values
calculated for each line
summing of all lines

-

[(LY) 2]/N

calculated for all values
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slope for each line is

bi= B/Ai

y-intercept for each line is

ai = Yi - bi~

regression SS for each is

reg.SSi = Bi2/Ai

total SS for each is

tot.SSi = Ci

coefficient of determination is

r2 = reg.SS/tot.SSi

residual SS for each is

SSi = tot.SSi - reg.SSi

the pooled residual SS is

ssp

common residual SS is

SSc = Cc - Bc2/Ac

total residual SS is

ss1 = c - B2 /A

=

Lssi

The F test for analysis of covariance (ANCOV A) which compares the slopes
of lines is:
(SSc-SSP)/(k-1)

F=
SS/(N-2k)
The F test for comparison of elevations is:

(SScSSJ/(k-1)

F=
SS/(N-k-1)

The F test for overall coincidental regression is:

F=
SS/(N-2k)
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The Tukey test for multiple comparisons among slopes is:
q = (b2-b1)/SEpooled
2
where SEpooted = v[(s y.x)/2][(1/A1)+(1/A2)]
where (s2y.x)p = [SS 1+SS 2]/[(n1-2)+(fiz-2)]
where b1 and b2 are the slopes bi for lines 1 and 2, A1 and A2 are Ai for lines 1 and
2, and ssl and ss2 are the residual sum of squares ssi for lines 1 and 2.

The Tukey test for multiple comparisons among elevations is:
q =
where

I{Ye Y2)-bc{ X1-Xz) I /SEcommon

be = (B 1+ B2)/(A 1+ AJ

and
SEcommon
and

=J [(s2y.x)/2][(1/n1)+(1/n2)+(

2
(s y.x)c = SS/DFC

2
XcXz) /(A1+A2)]
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Source of chemicals used for experiments
The following chemicals were purchased from the following companies:
Aldrich. Milwaukee. WI, pyridine (99+ % pure)
Astra Pharmaceutical Products. West Borough. MA, 5 % Xylocaine ointment
Baker Reagent. Phillipsburg. PA, sodium hydroxide, ammonium hydroxide
Butler. Columbus. Ohio, sodium pentobarbital
EK Industries. Addison. IL, xylenes (mixture o,m,p)
Fisher. Fair Lawn. N.J., DMSO
Gurr/BDH Laboratory Supplies. Poole. England, Depex
Mallinckrodt. St. Louis. MO, Nitric Acid, acetone, sucrose (analytical grade),
chromium potassium sulfate, sulfuric acid, acetic acid, 703 perchloric acid
Matheson. Colman. and Bell. Norwood/Cincinati. Ohio, gelatin
Med-Tech. Kansas, Atropine Sulfate, 0.5 mg/ml
Merck. Frankfurter StraBe. Germany, Phenobarbital
Miles Inc .. West Haven. CT, Nimodipine 30 mg capsules
National Diagnostics. Somerville. NJ, Histoclear
Pierce. Rockford. IL, n-propanol
Research Biochemicals Inc. (RBI). Natick. MA, MK-801, DNQX
Ross Laboratories. Columbus. Ohio, Vanilla Ensure
Sigma. St. Louis. MO, silver nitrate, cupric nitrate, neutral buffered formalin, citric
acid, sodium thiosulfate, paraformaldehyde, sodium phosphate monobasic,
sodium phosphate dibasic, cresyl violet acetate, potassium ferricyarride

43
Quantum Chemical. Tuscola. IL, 95 % ethanol, 100% ethanol
VWR. San Francisco. CA Chromerge, chromic acid kits (chromium trioxide)

CHAPfER5
HYPOTHERMIC STUDY: NEURONAL DEGENERATION IN OLFACTORY
AND CORTICAL BRAIN REGIONS OF RATS FOLWWING 4 DAYS
OF ETHANOL INTOXICATION, AND THE EFFECT OF
WITHDRAWAL, AND NIMODIPINE CO-TREATMENTS.

Abstract
Ethanol administered (via a chronic intragastric cannula) in adult male rats (3
times daily over a 4-day period, average 8.5 g/Kg/day of ethanol in nutritional
supplement) produces, extensive neuronal degeneration in a variety of brain cortical
regions, some of which are involved with memory and olfaction. Large numbers of
degenerating neurons were found in the hippocampal dentate gyrus (granule layer)
and in the entorhinal cortex (layer 3). Damage was also found in the perirhinal cortex
(layer 3), the piriform (primary olfactory) cortex (layer 2), the insular cortex (layers
2 and 3), the lateral orbital cortex (layer 2), and the cortical nucleus of the
amygdala. The distribution of degenerating neurons given as a relative percentage is
42 % in the temporal areas of entorhinal cortex and perirhinal cortex, 11 % in the
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rostral areas of insular, orbital and piriform cortices, 46% in the dentate gyrus, and
about 1 % in the CA regions of the hippocampus.

Additionally, degeneration was

found in the olfactory nerves and terminals in the olfactory bulbs.

There were

relatively small numbers of degenerating cells in the CA regions of the hippocampus
compared to the other regions listed, but the CA degeneration was a reproducible
finding along with the presence of degenerating axon terminals in the CA2 region.
Cell counts of degenerating cells found no significant difference between rats that
underwent withdrawal and rats that did not indicating that the damage takes place
prior to withdrawal.

Also, it was found that 100 mg/kg/day co-treatment of

nimodipine did not significantly decrease the number of degenerating cells.

Introduction
Alcohol abuse is one of the largest health problems in the world, with an
extensive literature documenting neuronal degeneration and cognitive impairment as
well-recognized sequelae. 6' 7 ' 78 ' 175

In addition to cognitive deficits, olfactory deficits

have also been observed. 61 ' 165 ' 199

These deficits may result from a direct toxic effect

of alcohol and its metabolites as well as from indirect effects of alcoholism such as
malnutrition. However, at present there is still no clear understanding of the
mechanisms underlying ethanol neurotoxicity.
Most of the research on alcohol's effects in rat models involves chronic ethanol
exposures over periods of many weeks or even months. However, the experiments
reported in this chapter involved the use of a 4-day, high dose (subchronic) ·exposure
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model in rats that was an adaptation of the Majchrowicz technique 130 for inducing
ethanol dependence in rats. The aim of this study is to describe in detail the regions
in the brain that are damaged in this model of ethanol intoxication and to provide a
quantitative analysis of the approximate percentage distribution of degeneration in
four regions: rostral cortical areas (piriform, orbital and insular), temporal cortical
areas (entorhinal and perirhinal), hippocampal dentate gyrus, and hippocampal CA
regions.

Materials and Methods
Refer to Chapter 4 for a detailed description of the procedures used in this
study. Camera lucida drawings of horizontal brain sections were done of the most
extensive case of ethanol-induced degeneration.

Photographs were also taken from

50µm sections of this case. Cell counts of all the cells on sections 6.5, 6. 75, 7,

7.25, and 7.5 mm below bregma were summed for all the rats in groups
and

"EiiW + NlOO"

"Eii", "EiiW"

in order to evaluate the distribution of damage between each

treatment. Cell density counts were also done for these same three groups (according
to the method described in chapter 4) on sections 6.75, 7, 7.25, and 9.0 mm below
bregma.
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Results

Location of Degeneration
Figure 1, on page 53, shows camera lucida drawings of horizontal silver-stained
brain sections of the most severely affected rat in group

"EiiW"

(Ethanol treated,

hypothermic, and withdraw) detailing the locations of the degeneration.

Each small

dot on these drawings indicates a degenerating cell. The most severely affected rat
in group

"EiiW"

was chosen for this illustration, but the basic pattern of degeneration

was similar in all rats given subchronic ethanol.

Damage was found in the olfactory

nerve axon terminals of the olfactory bulb, cells of the cortical-amygdala transition
area (part of the olfactory amygdala), layer II pyramidal cells of the piriform cortex,
layer II and III pyramidal cells of the orbital and insular cortices, layer III pyramidal
cells of the perirhinal and entorhinal cortices, isolated pyramidal cells of hippocampal
CA 1, CA2 and CA3 regions, axon terminals in CA2, and granule cells of the dentate
gyrus. The dentate gyrus damage was the heaviest in the ventral (temporal) pole of
the hippocampus; only small amounts of damage was found in the dorsal (septal)
pole.

Appearance of silver-stained degenerating neurons
Figure 2A (page 56), shows the temporal region (-7 mm from bregma) of the
same rat brain that was shown in figure 1 (page 53).

There is heavy degeneration in

the entorhinal cortex and the hippocampal dentate gyrus region. As mentioned, a
small number of cells were found in the hippocampus CA regions, but the density was
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very low relative to the other areas listed and they cannot be seen in this photograph.
Interestingly, a band of degenerating axon terminals can be seen in the CA2 (open
arrow). Figure 2B shows a similar section from a control rat (from group "C") for
comparison. There was no perceptible neuronal or axonal degeneration in any of the
control rats.
Figure 3 (page 58) shows high power views of the degenerating granule cells
of the dentate gyrus from the most extensive case of degeneration from groups
and

"EiiW"

"Eii". Note in figure 3A (""EiiW") there is a high density of dark staining

degenerating neurons in the granule layer with evidence of degenerating dendrites in

· the molecular layer. The density of these degenerating cells appears to be heaviest
in the outer level of the granule layer bordering the molecular layer of the dentate
gyrus; fewer stained cells are seen near the border between the hilus and granule layer.
This slide has also been counterstained with cresyl violet to compare the stained cells
with the non-degenerating cells. The silver-stained cells appear smaller than the cresyl
violet stained cells, possibly indicating cell shrinkage during degeneration.

Figure 3B

shows the densest degeneration in a rat that did not endure withdrawal (group ""Eii").
This slide was not counterstained in order to show the staining intensity more clearly.
The staining intensity of neurons of the
in the

"Eii" group was not as intense as that found

"EiiW" group. The dendrites in most of these cells did not stain as well as those

in the withdrawal rats.
Figure 4A (page 59) shows the degenerating axon terminals in the CA2 region
of the hippocampus (same rat brain as figure 1 from group

".BitW").

These ·terminals
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may arise from the degenerating dentate granule cells since this is where the axon
terminals of the dentate gyrus cells are located. 10
pyramidal cell can also be seen in this photograph.

A single degenerating CA2
Figure 4B shows a higher power

photograph of the degenerating axon terminals and the CA2 cell shown in figure 4A.
The entorhinal cortex, shown in figure 5 (page 60) displays the ethanolinduced damage in the layer III pyramidal cells and dendrites, which can be seen
projecting into the molecular layer (layer I). In figure 5A note that the stained apical
dendrites that project to layer I do so in bundles. There are "islands" of undamaged
layer 2 cells that do not contain many dendrites from layer 3 projecting through
them. Figure 5B shows a higher power view of the same degenerating pyramidal cells
found in layer 3 of the entorhinal cortex.
The damage found in the insular cortex at 7 mm below bregma is in figure 6
(page 61).

Again the damage is found in pyramidal cells in layers II and III of this

region. Similar damage is found in the orbital cortex.
Figure 7 (page 62) shows the damage of the piriform cortex and amygdala at 9 mm from bregma. The damage in the piriform cortex is in layer 2 pyramidal cells.
Figure 8 (page 63) shows the olfactory bulb. Even though other investigators
have reported scattered degeneration of the olfactory glomeruli in untreated rats, 221
in the present study there was no degeneration in any of the controls. In contrast, the
degeneration found in ethanol-treated

rats was very heavy, and the staining was

obvious, even to the unaided eye. This photograph points out both stained (solid
arrow) and unstained (open arrow) glomeruli.
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Figure 9 (page 64) shows a typical photograph of the cerebellum. There were
no degenerating cerebellar cells found in any rats.

Comparison of the relative distribution of degeneration

Figure lOA (page 65) compares the amount of damage found in four areas
(measured as total cell counts) for each rat in the group

"EiiW".

The rat used in

figure 1 had the greatest amount of damage and its counts are those with open
squares. As can be seen from this figure, both the dentate gyrus and the entorhinal
cortex were most strongly affected.

Note also that there is a large variation in the

severity of damage due to the ethanol treatment. The same counts are illustrated for
all the rats in groups

"Eii"

(figure lOB) and

"EiiW + NlOO"

(Figure lOC). Figure lOD

compares the average counts (±SEM) for each group compared to each other. It is
clear that the average distributions for each group are very similar and that withdrawal
or nimodipine treatment at 100 mg/kg/day did not significantly change the pattern.
Table 2 numerically shows the relative distribution for each group and, for
comparison, the relative distribution of degenerating cells for the rat shown in figure
1. Almost 90 % of the damage is found in the dentate gyrus and entorhinal cortex.
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Table 2.-Relative distribution of damage

Bitw

AREA

FIG. 1

DENTATE

48%

32%+9%

58%+6%

39%+5%

ENTORHINAL

40%

56%+8%

34%+5%

54%+6%

PIRIFORM

12%

12%+2%

7.4%+2%

6.2%+2%

CA

<1%

1.3%+0.3%

1.7%+0.5%

1.2%+0.5%

Bit

EiiW+N100

JI

Note: A comparison of cell counts on levels 6.5, 6.75, 7.0, 7.25 and 7.5 mm
below bregma. The first column (fig. 1) shows the relative distribution for the rat
shown in figure 1. For every rat in groups "BitW", "Bit" and "BitW + NlOO" the
relative distribution was calculated for each area. The data listed in the second, third
and forth columns show the average percentage for each region ( +SEM) of the
relative percentage distribution.
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Since the relative distribution of the neuronal degeneration for the rat in figure
1 approximates that of the other alcohol-treated rats, more detailed, regionally
specific counts were done on levels 10, 9, 8, 7, 6, 5, and 4 mm below bregma for
this rat.

The relative distribution is:

hippocampus
dentate gyrus

42%

CA regions

<1%.

temporal cortical regions
entorhinal cortex

26%

perirhinal cortex

3%

rostral cortical regions
piriform cortex

14%

amygdalo-piriform transition

4%

cortex-amygdala transition area

3%

agranular insular cortex

2%

disgranular insular cortex

2%

lateral orbital cortex

<1%

anterior cortical amygdaloid n.

<1%

ventrolateral orbital cortex

<1%
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Figure 1. (next 2 pages) Map of ethanol-induced brain damage. Camera lucida
drawings of 50 µm thick silver-stained horizontal brain sections from an ethanoltreated rat that underwent withdrawal. The sections range from 10 mm to 4 mm
below bregma. Each dot represents one degenerating cell. The size of each dot has
no significance. The scale bar represents 2 millimeters. The open arrows indicate the
location of the photomicrographs.
The circles indicate the location of the cell
counting fields detailed in Methods chapter. Refer to Chapter 4 for a detailed
explanation of the counting location. The numbers adjacent to each group of cells
correspond to the following areas listed: 1. CxA - cortex-amygdala transition area.
2. Pir - Piriform cortex. 3. Orb - orbital cortex. 4. Ins - insular cortex. 5. PRh perirhinal cortex. 6. Ent - entorhinal cortex. 7. DG - dentate gyrus. 8. The CA
regions of the hippocampus. 9. ON - olfactory nerve. All other abbreviations are
defined on page xiii of this dissertation.
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Figure 1 (continued).

Ventral Sections.
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Figure 1 (continued).

Dorsal Sections.
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A

Figure 2. Damage in the temporal cortex. A. Horizontal section (7 mm below
bregma) of the temporal region of the same rat brain shown in figure 1 (from group
"EhW") that was treated with 4 days of ethanol , sacrificed, and stained with the
cupric-silver stain for degenerating cells. The degenerating cells can be clearly
visualized in the lateral (Lat) and intermedial (Int) entorhinal cortex and perirhinal
cortex (PRh) (open arrows). Extensive damage also can be seen in the dentate gyms
(DG). A band of degenerating axon terminals can be seen in the CA2 region of the
hippocampus (open arrow). B. (Next Page) A silver-stained section of a control rat.
There was no degeneration in any of the controls.
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B

PRh

Lat
Ent

2mm

Figure 2 (continued).

Control.
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A

B

Figure 3. Damage in the dentate gyms. A. High power photographs of dentate
gyms stained with both silver and cresyl violet. The open arrow in the lateral dentate
gyms of figure 2 shows the location of photograph A. The black scale bar represents
0.05 millimeter. The photograph shows a high density of dark staining degenerating
neurons in the granule layer (GL) with evidence of degenerating dendrites in the
molecular layer (Mol).
B. The same area of a rat from group "Eh" , which did not
endure withdrawal stained only with silver. The number of cells is about the same as
from group "EhW" but the staining intensity for each cell is less.
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A

CA2

B

Figure 4. Damage in the CA2 region of the hippocampus. The open arrow in the
CA2 region of figure 2A shows the location of these photographs. The black scale
bar represents 0.05 millimeter. A. A high density of dark staining degenerating axon
terminals (small solid arrows) on a cresyl violet counterstained slide. Note the
presence of a single degenerating cell in this region (large solid arrow). B. A higher
power view of A.
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A

B

Figures. Damage in the entorhinal cortex. A. View of the entorhinal cortex showing
the damaged pyramidal cells in layer 3 and the degenerating dendrites in layers 1 and
2. The section was counter-stained with cresyl violet. The damage involves almost
exclusively layer 3 pyramidal cells. B. A higher power view showing the pyramidal
cells. This photograph is from the same section seen in figure 1 and is a high power
of the intermedial entorhinal area.
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Figure 6. Damage in the insular cortex. This photograph shows the silver-stained
degenerating cells of the insular cortex in a cresyl violet counterstained section. Note
that the degeneration appears to occur in both layers 2 and 3.
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..-.....
...

Figure 7. Damage in the piriform cortex and amygdala. A section of the cortex at 9 mm from Bregma. Layer 2 of the piriform cortex at left shows degeneration at this
level as well as in the cortex-amygdala transition area at the lower right.
Abbreviations: Pir=piriform , CxA=Cortex-Amygdala transition area.
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Olfactory

Figure 8. Damage in the olfactory bulb. This figure shows the olfactory bulb. The
solid arrows are pointing to degenerating glomeruli and the open arrows are-pointing
to non-degenerating glomeruli. The black scale bar represents 0.5 millimeter.
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Figure 9. No damage found in the cerebellum. This photo shows the cerebellum.
There were no degenerating cells in the cerebellum of any of the rats studied.

65

A

Degenerating Neurons in Group EhW (Ethanol-hypothermia Plus Withdrawal)
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Figure 10. Distribution of degeneration. Total cell counts for 4 entire regions of the
rat brain at horizontal levels 6.5, 6. 75, 7.0, 7.25, and 7.5 mm below bregma for
all the rats in groups "EiiW" (figure lOA), "Eii" (figure lOB, next page), and
"EiiW+NlOO" (figure lOC, following page). Each rat in each group is represented
as a different symbol. Figure lOD compares the average (±SEM) for each group
compared to each other. Note that the relative distribution of damage is similar for
all groups and the average counts for each group are all approximately the same,
indicating that neither withdrawal nor nimodipine treatment changes the amount or
distribution of damage.
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Degenerating Neurons in Group Eh (Ethanol-hypothermia)
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Degenerating Neurons in Group EhWN100 (Ethanol-hypothermia Plus Withdrawal Plus Nimodipine)
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D

Regional Degeneration Alter Various Ethanol Treatments
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Table 3.--Average cell counts for exp 1

[aROUP
N

I

~

I

~w

7

6

I ~W+NlOO I ANOVA
7

F
value

values
p
value

Survive

64%(11)

60%(10)

64%(11)

DOSE g/Kg

8.5±0.3

8.7±0.4

7.2+0.4*

3.872

0.041

INTOX-F

3.5±0.1

3.2±0.3

3.8±0.2

2.600

0.103

TEMPll °C

34.6±.3

35.1±.4

34.8±.3

0.491

0.620

INTOXll

4.3±0.3

3.9±0.3

4.4±0.3

0.692

0.513

BELmg/dl

447±13

420±31

425±24

0.329

0.724

l.CxA

7.4±1.7

5.3±3.9

2.4+ 1.0

1.064

0.367

2.PIR

8.9±2.9

6.8±3.8

3.9±1.3

0.819

0.457

3.0RB

2.8±1.7

2.0±0.8

1.0±0.5

0.639

0.540

4.INS

5.5±2.7

3.5±1.6

2.4±1.2

0.627

0.546

5.PRh

3.7±2.3

0.9±0.5

1.5±0.6

1.017

0.383

6.ENT

13.5±3.8

17.1+6.5

13.9±12.2

0.183

0.834

7.DG

32.3±8.7

18.7±10.1

19.3±5.4

0.823

0.456

8.CA

0.8±0.3

1.5±0.4

2.0±0.6

1.531

0.245

9.0N

21.9±4.0

11.4±3.5

17.6±3.4

1.792

0.197

---

I

---

Note: This table lists the average density of degeneration for 9 brain areas. "Survive"
indicates the % of animals surviving the treatment and the number (N) starting
treatment, the counts are the average number of silver stained cells per (0.567 mm 2)
field (50µM thick section).
• significant difference at p < 0.05
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Since there was no indication of any differences between any of the groups
compared in figure lOD, a more detailed analysis was performed. Cell density counts
of the 9 regions described in the legend of figure 1 were done and are shown in table

3.

Withdrawal does not increase damage as measured by cell counts
The first goal of this experiment was to confirm Switzer's findings 211 and
determine the effect of withdrawal on the amount of degeneration caused by ethanol
intoxication.

When groups

"Eii"

and

"EiiW"

are compared,

both received

approximately the same daily dose of ethanol, achieved the same level of intoxication
and BEL's, and maintained similar body temperatures.

Figure 11 (next page)

compares the average counts per field for regions of rat brain for these two groups.
There were no significant differences in cell count densities in any of the regions
between these two groups. The large standard errors may be due to the variation in
sensitivity to ethanol in a heterogeneous population of Sprague-Dawley rats.

As

mentioned earlier, the staining per cell for the withdrawal rats appeared more intense
than the non-withdrawal rats (figure 3, page 58).
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Neural Degeneration After Ethanol or Ethanol Plus Withdrawal Treatments
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Neural Degeneration After Ethanol-Withdrawal or Ethanol-Withdrawal Plus Nlmodipine Treatments
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Figure 11. Average cell counts for groups i;_, i;_Wand i;_W+NlOO. A comparison
of the average number of degenerating neurons (±SEM) between A)".Bii" vs: "EiiW",
and B)".EiiW" vs. "EiiW + NlOO".
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Effect of 100 mg/kg/day nimodipine
Figure 1 lB illustrates that group
from the rats in group

"EiiW"

"EiiW + NlOO"

was not significantly different

in any of the areas measured.

Nimodipine, which is

reported to block the obvious behavioral withdrawal signs during the withdrawal
phase, 62 ' 63 ' 64 did not significantly protect against the neurotoxic effects of ethanol.

Discussion
Ethanol causes brain damage
Using the de Olmos cupric-silver stain56 that selectively stains degenerating
neurons, 213 ' 214

four days of ethanol

intoxication

in rats produced

neuronal

degeneration in the hippocampus, entorhinal cortex, piriform cortex, amygdala,
olfactory nerve, and other related structures.

The olfactory nerve, piriform cortex

and amygdala are known to be involved in olfaction, 57 ' 212 and the entorhinal cortex
and

the

hippocampus

both

have

been

linked

to

learning

and

memory. 67,106,123,135,151,201

Ethanol and olfaction
Olfactory deficits have been found in alcoholics and is independent of the
effects of smoking. 61 ' 165

There can be some recovery of olfactory function m

detoxified patients, with the degree of recovery being a function of the length of
abstinence, which may be related to the ability of the olfactory mucosa and nerves to
regenerate. 61

There may also be a relation between olfactory deficits and cortical
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shrinkage because, in an MRI study of male detoxified alcoholics a correlation has
been found between olfactory impairment and increased CSP volume. 199

Another

study demonstrated that detoxified alcoholics have trouble identifying recently learned
unfamiliar odors but have little trouble identifying familiar odors. 112 It is still unclear
in these studies whether the deficits are due to olfactory mucosa damage, cortical
damage, or a combination of both factors.

Ethanol and memory
There is considerable evidence that hippocampal and entorhinal damage are
related to memory deficits in man and animals. 67•106' 123 ' 135 ' 157•207

There

is

evidence that alcohol causes damage to the hippocampus of human alcoholics. 11 As
described above, rats also show hippocampal

damage after chronic ethanol

consumption, affecting both the hippocampal pyramidal cells and dentate gyms
granule cells. 23,24,65,103,1s5,226,221
With the exception of the results in this dissertation, there is very little
documentation of ethanol damaging the entorhinal cortex. This may be due to the
4 day binge model having a different mechanism. There is, however, evidence that
ethanol is selective for layer 3 pyramidal cells of the prefrontal cortex in a chronic
model in rats. 27 While the results presented here did not find degeneration in the
prefrontal cortex, they did find that the cortical damage is specific for layer 3
pyramidal cells.
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Map of glutamate binding is similar to the ethanol degeneration map
Since subchronic ethanol produces a relatively distinctive pattern of neuronal
damage, specific receptors or ion channel systems may be involved.

The areas

affected by ethanol all demonstrate high glutamate binding. 89 ' 93 •144 ' 146 ' 147

Glutamate

has

been

shown

Caz+. 32,35,128,132,161,168,181

to

cause

excitotoxicity,

thought

to

be

mediated

by

Glutamate binding is widespread throughout the brain but

is highest throughout the hippocampus CA regions and dentate gyrus, as well as in
rostral cortical areas, especially those involved with olfaction. 89 •93 ' 144 ' 146•147

The

frontal cortex and striatum also have high glutamate binding, but these areas did not
display any ethanol-induced degeneration following subchronic treatment.

The

cerebellum, which showed no damage from the 4-day ethanol model, has only
moderate glutamate binding.
NMDA-specific glutamate binding also shows a high density in the dentate
gyms and CAI of the hippocampus, entorhinal cortex, rostral and frontal cortical
areas, and striatum, but only minimal binding in the thalamus, brain stem and
cerebellum. 1s.101,144,146,141,148,149,193,235

Even though NMDA-specific binding is high

in areas that are not affected by ethanol, it is noteworthy that the ethanol damage is
only in areas with high NMDA-specific binding.
binding is in layers 1 though 3. 75 ' 146 ' 147

In cortex, most of the NMDA

This is consistent with the findings in this

dissertation, since the somas and dendrites of all the cortical cells damaged by 4 days
of ethanol are found in these superficial layers. In the dentate gyms, the binding is
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heaviest in the molecular layer75 ' 146 ' 147 which is where the dendrites of the granule
cells are located. 10
The distribution of AMPA receptors, also known as quisqualate receptors, has
been mapped out and found to be very similar in distribution to that of NMDA
receptors.

Heavy binding is found in the dentate gyrus, throughout the CA regions

of the hippocampus, the entorhinal cortex, and the piriform cortex, but the most
intense binding is in the frontal cortex. 101 •145•182

Binding was also found in the

striatum and septum, but like NMDA, minimal binding was found in the thalamus,
brain stem and cerebellum.

The heaviest cortical binding was also located the

superficial layers 1-3. The similar distribution between NMDA and AMPA binding
is consistent with current thinking that both receptors occur on the same post-synaptic
membranes31 •32 •33 •34•35

and suggests that both receptors may play a role in ethanol-

induced degeneration.
Kainate binding is very different from NMDA and AMPA, with the heaviest
binding in the CA2 region of the hippocampus, deep layers of the cortex, the
striatum, and the cerebellum. 143 Kainate binding appears to be associated with select
terminal fields. The terminal degeneration in the CA2 field that is induced by the 4
day ethanol treatment matches the area of highest kainate binding.

Map of calcium channels is also similar to ethanol degeneration map
The other major source of Ca2 + entry into the cell is through the voltage-gated
Ca2 + channels.

The highest binding of dihydropyridine (DHP) ligands,· such as
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nimodipine, occurs in the olfactory bulb, hippocampus and amygdala. 47 •86 •156•179•180•202
The neocortex is also rich in these receptors, with piriform cortex and entorhinal
cortex showing a high density of DHP binding.

The basal ganglia, thalamus and

hypothalamus had moderate binding, while the cerebellum, pons and white matter
showed low levels of binding. Again, the ethanol-induced degeneration only takes
place in areas that show high DHPbinding. However, like NMDA binding, there are
areas of relatively high DHP binding that show no degeneration.

Map of GABA receptors overlaps the ethanol toxicity map
GABA receptor density is high in all the same areas that are affected by
ethanol toxicity, but other areas that are not affected by the 4 day ethanol toxicity
model also have a high density of GABA receptors, such as cerebellum, thalamus and
other neocortical areas. 3 ' 4 ' 28 ' 38' 52 ' 197 ' 216

Distribution of nitric oxide producing cells is different from the ethanol toxicity map
Nitric oxide (NO) has recently been implicated in neurotoxicity. 55 ' 120

Staining

for the enzyme nitric oxide synthase (also called NADPH diaphorase) detects the
densest staining in the cerebellar molecular and granule cell layers. 19 Arginosuccinate
synthetase, which catalyzes the synthesis of arginosuccinate from aspartate and
citrulline and is part of the pathway producing arginine from which NO is made, is
also highly localized in the same brain regions. 159 It is significant that the high staining
for arginosuccinate synthetase in the olfactory bulb does not include the olfactory
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nerve or glomeruli, where subchronic ethanol-induced degeneration was found.
Staining is low in the hippocampus, and cortical staining does not include superficial
pyramidal cells. If NO is involved in the ethanol-induced neurotoxicity observed in
this study, it is likely that the affected cells were not the NO producers.

This is

consistent with the findings of Koh et al. 116 who found that neurons containing nitric
oxide synthase (NADPH-diaphorase) were resistant to NMDA agonist (quinolinate)
toxicity and may have a lack of NMDA receptors.

Selective vulnerability of specific neurons
With the 4-day ethanol-induced damage being specific to cortical pyramidal
cells, dentate granule cells, and olfactory mucosa nerve cells, the question arises: what
makes these cells more vulnerable to binge alcohol damage than the other
approximately six hundred types214 of neurons known to exist?

Two of the

neuronal populations affected by ethanol-induced toxicity have been shown to have
the unique ability to regenerate: the olfactory nerve cells212 ' 214 and dentate gyrus
granule cells. 196 The genesis of the dentate gyrus granule cells is in the subgranular
zone lying at the border between the hilus and granule layer. 196 The damage observed
after the 4-day ethanol treatment showed only a small number of degenerating cells
in the subgranular zone, with the majority of the cells in the "more mature" region
near the molecular layer (figure 3, page 58).

It is possible that the "older" granule

cells are more vulnerable to stresses induced by ethanol exposure. The dentate gyrus
granule cells are also selectively vulnerable to colchicine exposure, 81 ' 82 indieating a
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high dependence on microtubule function for survival. In addition, granule cells are
selectively lost after adrenalectomy, 37 a lesion that also impairs water maze learning.
Another interesting coincidence is that the hippocampus, entorhinal cortex,
piriform cortex, amygdala, and diagonal band all receive basal forebrain cholinergic
projections, which, in turn, depend on NGF produced in these regions. 229

NGF is

reduced in these areas after chronic ethanol exposure, but this could be due to cell
death of the neurons producing the NGF. 229

Ethanol damage is not dependent on the withdrawal phase and its associated seizures
In agreement with Switzer et al., 211 a consistent and specific pattern of
neuronal degeneration takes place during ethanol intoxication, and withdrawal does
not increase the number of degenerating cells. Withdrawal does, however, intensify
the staining itself. Thus, overt withdrawal-related seizures do not contribute to the
extent of neuronal degeneration in the subchronic ethanol model.
Further evidence supporting this conclusion is provided by noting the pattern
of degenerating cells observed in ethanol intoxication differs from the pattern seen in
seizure models.

Sustained, kainic acid-induced limbic seizures produce widespread

hippocampal pathology affecting CA3 pyramidal cells the most and granule cells the
least. 158 Likewise, stimulation of the main hippocampal afferent pathway (from the
entorhinal cortex layer II cells) for 24 hours evokes discharges in but does not injure
the dentate gyrus granule cells. 205 Furthermore, human status epilepticus decreases
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the number of neurons in CAl and CA3 but does not affect the dentate gyms. 219
These patterns are clearly different from that seen in the 4-day ethanol model.
Even though withdrawal did not appear to have any effect on the number of
degenerating cells, the extra 36-40 hours of survival during withdrawal appeared to
cause degenerating cells to stain more intensely. Such increased staining intensity is
consistent with current knowledge of the silver stain because the optimum staining
intensity is a few days after injury to the neuron. 211 ·213 ·214

Even though there is

mounting evidence of an NMDA related mechanism being involved in ethanol
withdrawal signs, 87 '88 '92 '97 '152 '220

the present study indicates that withdrawal and

withdrawal seizures are not required for degeneration to take place.

Conclusions
High doses of ethanol given for four days cause degeneration of neurons,
dendrites and axons in areas associated with olfaction and memory. All the affected
regions appear to contain NMDA receptors, 15,101,144,146,141,148,149,193,235
receptors, 101,145,182
channels. 47·86·156·179·180·202
up-regulate

both

channels, 22'63 ·64 •90 •138·202

GABA

receptors3,4,28,38,52,197,216

AMPA

and voltage-gated

Ca2+

Chronic ethanol has been shown by other investigators to
NMDA

receptors 92 '97 '220

and

voltage

gated

Ca2+

both of which would increase external Ca2+ flux into the cell.

Both of these Ca2+ channels require depolarization of the membrane, which could be
induced by the AMPA-sensitive glutamate receptor which is a ligand-sensitive Na+
channel located on the same post-synaptic membrane. 34 GABA receptors located on
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these same cells 3 ' 4 ' 28' 38' 52 ' 197 ' 216

can cause a er ion flux which would hyperpolarize the

cell (inhibitory effect). 8;22 •194

Chronic ethanol has also been shown by other

investigators to down-regulate GABA receptor density, 68' 79 ' 184' 188

which could

decrease inhibitory influences on the cells, the decrease in GABA action on a cell
would make the cells more excitable, and an increase in both the NMDA and VGCC
would increase the Ca2 + flux and make the cells more vulnerable to neuronal
degeneration.

Therefore, it is possible that no single one of these receptor/channel

systems is responsible for ethanol's toxic effects, but rather a combination of ethanol's
influence on all of these systems adds up to increase the vulnerability of the specific
cell populations affected by the toxic consequences of high Ca2 + concentrations.

CHAPTER6
EUTHERMIC STUDY: ETHANOL-INDUCED NEURONAL DEGENERATION
OF OLFACfROY AND CORTICAL NEURONS RESULTING FROM 4 DAYS
OF INTOXICATION IN RATS: QUANTITATIVE ANALYSIS OF COADMINISTRATION OF NIMODIPINE, DNQX, OR MK-801

Abstract
Neuronal degeneration occurs in dentate gyrus, entorhinal cortex, piriform
cortex, olfactory nerve, and other olfactory and allocortical regions after four days of
repeated ethanol administration.

This degeneration was quantified by counting

degenerating neurons per 425µm diameter (0.567 mm 2) field in selected areas, and
mean counts per field were then determined for each region. Damage was not found
in vehicle controls and was negligible in treated rats when the average blood alcohol
levels were below 300 mg/di.
Co-administration

Withdrawal did not change the counts significantly.

of 0.24-0.29

mg/kg/day

6, 7-dinitro-quinoxaline-2,3-dione

(DNQX), an AMPA receptor antagonist, significantly decreased the amount of
degeneration

in the insular cortex.

Co-administration of 600

mg/kg/day of

nimodipine, a voltage-gated Ca2 + channel antagonist, throughout the 4 day ethanol
treatment did not show any significant protection.
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MK-801, a NMDA antagonist, was found to cause 100% mortality when coadministered with the high doses of ethanol used in this study. It also was found to
produce intoxication similar to ethanol and neuronal damage by itself. The amount
of damage caused by MK-801 was significantly increased when low, otherwise nontoxic doses of ethanol were co-administered.

Introduction
In chapter 5 it was demonstrated that ethanol caused damage in the dentate
gyrus, entorhinal cortex, piriform cortex, and other related allocortical areas as well
as in the olfactory nerve terminals of the olfactory bulb. The studies reported in this
chapter quantify the amount of damage observed from the 4-day ethanol treatment
model in detail in euthermic animals.

In addition, to gain some insight into the

mechanism of the degeneration, three drugs which have protective properties in other
models of neurotoxicity were co-administered with the four days of ethanol treatment:
Nimodipine, a Ca2+ channel antagonist, 195 DNQX, a glutamate-AMPA receptor
antagonist, 98' 155 and MK-801, a glutamate-NMDA receptor antagonist. 169
According to the literature, autoradiographic mapping of the receptor sites for
all three drugs shows high binding in the same areas that are affected in the
subchronic, 4-day ethanol paradigm. All the degenerating regions appear to contain
voltage-gated Ca2 + channels (VGCC), 47 ' 86' 156' 179 ' 180' 202
NMDA receptors. 75 ' 101 ' 144 ' 146 ' 147' 148 ' 149 ' 193 ' 235
regulate NMDA receptors 92 ' 97 ' 220

AMPA receptors, 101 ' 145 ' 182

and

Since ethanol has been shown to up-

and VGCC, 22 ' 63 ' 64 ' 90 ' 138 ' 202

both receptor/channel
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systems were targeted to determine if decreased Caz+ flux through these channels
would be neuroprotective.
Since nimodipine has been effective in ameliorating ethanol-induced withdrawal
tremors in mice and rats, it was chosen as a VGCC antagonist. 62 ' 63 ' 64

A preliminary

experiment using 10 mg/kg/day was ineffective (data not shown) and therefore higher
doses were used for the studies described here. Experiment 1, described in chapter
5, used 100 mg/kg/day, and no protection was seen. Here in experiment 2, 600
mg/kg/day of nimodipine was used. Since both the NMDA receptor/channel and
VGCC require depolarization of the membrane before Ca2 + flux takes place, the
AMPA-sensitive glutamate receptor, which is likely to exist on the same membrane,
was also targeted using DNQX.
MK-801 was used as a selective NMDA antagonist that has well documented
neuroprotective properties against excitotoxic insults when used acutely. 39 •40 •169•170
However, MK-801 also may have specific toxic effects on select groups of neurons. 171

Materials and Methods
Refer to chapter 4 for a detailed description of the methods used in this
chapter. It was noted during experiment 1 that the rats became very hypothermic,
reaching 32°C at some time points.

In order to prevent this hypothermia, in

experiment 2, the plastic cages containing treated rats were placed on heating
blankets. Also, since in experiment 1, it was demonstrated that withdrawal did not
increase damage, none of the rats in experiment 2 were permitted to undergo
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withdrawal.

In addition, since 100 mg/kg/day of nimodipine did not show any

protection, a higher dose of 600 mg/kg/day was tried.
In this chapter the nine experimental groups are the ethanol treatment group
"E", ethanol and nimodipine co-treatment group "E+N600", ethanol and DNQX cotreatment group "E+ DNQX", ethanol and MK-801 co-treatment group "lowE+ MK801 ", and the control groups "C", nimodipine only group "N600",

DNQX only

group "DNQX", ICV DMSO only group "ICV", and MK-801 only group "MK801 ".
In addition to having intragastric cannulas implanted, rats that received MK801 were also implanted with an Alzet 2001 osmotic pump subcutaneously.

The

day following surgery was a recovery day and counted as day zero.

Results
There were no degenerating neurons in any of the control rats in group "C"
(n=3}, which where given liquid diet only. Treatment with nimodipine only (group
"N600", n=3}, with icv DNQX dissolved in 503 DMSO (group "DNQX", n=4},
or with icv 503 DMSO (group "ICV", n=3) caused no damage also. However the
drug MK-801 (group "MK-801 "}, which was thought to be neuroprotective, showed
extensive degeneration that was comparable to the ethanol (group "E"). Figure 12
compares photographs of ethanol and MK-801 induced neurodegeneration. The MK801 induced damage occurs in all the same areas as does the ethanol induced
degeneration except for the olfactory bulb. The behavioral intoxication levels of these
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two groups were similar. The feeding time intoxication level (INTOX-F) of the
ethanol group was 2.5 ±0.1

(SEM) and 2.5 ±0.5 for the MK-801 group.

The

intoxication level at 11 am (INTOXll) was 3.9±0.3 for the ethanol group and
2.7±0.3 for MK-801.

Cell Count Data
Since 4 of the control groups all had no damage detected with the silver stain,
these four groups were combined into one super control group for subsequent
analysis.

Table 4 shows the average counts per field for each region showing

degeneration for each group of rats described in this chapter as well as the conditions
for each group such as dose, body temperature and blood ethanol levels.
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Figure 12. Photographs of MK-801 induced neuronal degeneration compared to
photographs of ethanol-induced degeneration. A and B - Dentate gyrus of MK-801
and ethanol-treated rats. (On next 3 pages) C and D - Entorhinal cortex. E _and F Piriform cortex. G and H - CA hippocampus.
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Figure 12 (continued).
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Piriform Cortex.
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Figure 12 (continued).
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Table 4.--Average cell counts for exp 2
cont

E

E+
N600

E+
DNQX

12

15

lowE
+MK-801

MK-801

4

12

88%(17)

50%(8)

78 %(18)

9.4±0.5

8.4±.5E

4.8±.4EM

O±<f

2.5±0.1

2.2±0.2

2.6±0.1

3.6±.JEM

2.50±.5

36.8±.2

36.1 ±.1

35.8±.2

36.0±.2

36.2±.2

35.7±0.6

INTOXll

0±0

3.9±0.3

3.0±.4E

3.2±0.3

4.6+.lM

2.7±.6E

BEL

0±0

378±25

368±17

344±24

149±2<fM

O±<f

1.CxA

0±0

3.9±1.6

2.2±0.7

1.6±0.5

19.5±8EM

5.6±1.5

2.PIR

0±0

6.7±2.7

6.8±1.5

1.7±0.5

37±18EM

16.0±4E

3.0RB

0±0

3.3±1.3

0.8±0.2

0.4±0.lE

10.8±JEM

2.3±0.9

4.INS

0±0

4.5±1.6

3.4±0.9

0.7±0.2E

3.6±2.8

1.6±0.SE

5.PRh

0±0

0.7±0.5

0.9±0.3

0.2±0.1

0.5±0.3

0.1 ±0.1

6.ENT

0±0

12±3.2

12.6±3

6.9±1.3

6.9±0.8

1.8±1.<f

7.DG

0±0

6.3±3.3

1.0±0.3

7.4±2.6

11.9±6.9

6.6±2.7

8.CA

0±0

1.3±0.8

3.1 ±2.1

0.4±0.3

0±0

4.1±3.8

9.0N

0±0

8.8±2.5

3.6±0.7E

7.9±2.1

O±<f

O±<f

N

13

16

Survive

100%

76%(21)

60%(20)

DOSE

0±0

9.5±0.2

INTOX-F

0±0

TEMPll

Note: This table lists the average density of degeneration for the 9 brain areas for the
6 experimental groups and the conditions for each group. The counts are the average
number of silver stained cells per (0.567 mm2) field in 50um thick sections.
"Survive" indicates the % of animals surviving the treatment and the number (N)
starting treatment. Table 5 lists the F and p values for the ANOVA's.
Esignificantly different from group "E" at the p<0.05 level- ANOVA and Fisher
PLSD.
Msignificandy different from group "MK-801" at the p<0.05 level-ANOVA and
Fisher PLSD.
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Table 5 shows the ANOV A results when these 6 groups are compared to each
other. As can be seen in table 5, the ANOVA showed a significant variance for all
comparisons except the temperature (TEMPll) and counts in the perirhinal (PRh),
dentate gyrus (DG) and CA region of the hippocampus.

The post-hoc results are

shown in table 4 as superscripts on the means.
Since the control group was usually a value 0 with a 0 variance, this violates
one of the assumptions of this type of statistic which is, all the variances of all the
groups should be similar. For this reason the ANOVA was recalculated using the 5
groups without the control group. The results are shown in table 6. The conclusions
do not change except for the insular cortex (INS) which is no longer significant. This
does not change any of the post-hoc results except for the insular cortex.
For comparison, table 4 was broken down even further to compare only
groups that received high doses of ethanol (E, E+ N600 and E+ DNQX) and to
compare MK-801 to E+MK-801 separately. These results are found in tables 7 and
8 respectively. A visual comparison of the degenerating cell counts data in Tables 4
through 8 can be seen in figure 13.
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Table 5.-ANOVA values comparing all 6 groups
F-value

p-value

DOSE

159.836*

p<0.0001

INTOX-F

56.667*

p<0.0001

TEMPll

1.904

p=0.1135

INTOXll

29.086*

p<0.0001

BEL

92.078*

p<0.0001

1.CxA

9.152*

p<0.0001

2.PIR

8.61*

p<0.0001

3.0RB

7.799*

p<0.0001

4.INS

3.038*

p=0.0156

5.PRh

1.12

p=0.3584

6.ENT

5.645*

p=0.0002

7.DG

1.846

p=0.1155

8.CA

1.339

p=0.2585

9.0N

5.496*

p=0.0003

*indicates the anova has statistically significant differences
between groups at the p=0.05 level.
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Table 6.--ANOVA values comparing 5 groups

F-value

p-value

DOSE

106.951 *

p<0.0001

INTOX-F

4.543*

p=0.0035

TEMP11

0.608

p=0.6595

INTOX11

3.289*

p=0.0186

BEL

62.39*

p<0.0001

1.CxA

7.926*

p<0.0001

2.PIR

7.326*

p<0.0001

3.0RB

6.954*

p<0.0001

4.INS

2.028

p=0.1028

5.PRh

0.792

p=0.5351

6.ENT

3.465*

p=0.0134

7.DG

1.064

p=0.3832

8.CA

0.988

p=0.4216

9.0N

54.28*

p=0.0043

*indicates the anova has statistically significant differences
between groups at the p=0.05 level.
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Table 7.-ANOVA values comparing 3 groups

F-value

p-value

DOSE

1.861

p=0.1687

INTOX-F

3.288*

p=0.0476

TEMPll

0.767

p=0.473

INTOXll

2.706

p=0.079

BEL

.573

p=0.5682

1.CxA

1.05

p=0.3593

2.PIR

2.187

p=0.1255

3.0RB

3.432*

p=0.0421

4.INS

2.886

p=0.0675

5.PRh

0.601

p=0.5532

6.ENT

1.351

p=0.2705

7.DG

1.457

p=0.245

8.CA

1.256

p=0.2958

9.0N

1.428

p=0.2517

*indicates the anova has statistically significant differences
between groups at the p=0.05 level.
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Table 8.--t-test values comparing groups MK-801 and
low E+ MK-801
t-value

p-value

DOSE

21.249*

p<0.0001

INTOX-F

1.561

p=0.1624

TEMPll

0.657

p=0.5321

INTOXll

3.321 *

p=0.0127

BEL

15.031 *

p<0.0001

1.CxA

2.875*

p=0.011

2.PIR

1.781

p=0.0939

3.0RB

3.255*

p=0.005

4.INS

1.182

p=0.2543

5.PRh

2.449*

p=0.0262

6.ENT

4.036*

p=0.001

7.DG

0.818

p=0.4253

8.CA

-1.234

p=0.2351

9.0N

0

p=l

Note: As can be seen from this comparison that the low dose of
ethanol significantly increases damage in the cortex-amygdala
transition area (CxA), the orbital cortex (ORB), perirhinal cortex
(PRh), and the entorhinal cortex (ENT).
*indicates the anova has statistically significant differences between
groups
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Figure 13. Average cell counts for groups E, E+N600, E+DNQX, lowE+MK-801,
and MK-801.
A)"E" vs. "E+ N600", B)"E" vs. "E+ DNQX", C)"E" vs.
"lowE+ MK-801 ", D)"MK-801" vs. "lowE+ MK-801 ".
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The Correlation Between BELand Cell Damage

The anova analysis listed so far does not take into account the correlation
between the independent variables (Dose, temperature, intoxication, blood ethanol
levels) and the dependent variables (cell count for degenerating cells). Table 9 lists
the r2 values for the correlations between these factors for the ethanol group. As can
be seen from table 9, BELhas the best correlation to the amount of observed damage
(in all but the CA region).
Table 10 shows the correlation of the BEL to the other variable and
demonstrates a high correlation between BEL (taken and 1lam) and INTOXl 1
(intoxication score at 11 am). It was clear from the data in tables 9 and 10 that the
variation within the cell count data could be best explained by the variation in the
BEL. It was also clear that the factors of dose, intox-f and temperature were poorly
correlated with the amount of damage found. There was, however a high correlation
between the behavioral intoxication score at 11 am and the BEL that was also taken
at the same time and a surprisingly low correlation between BELand dose, indicating
a large variation from one animal to the next in metabolic and excretion rates.
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r
Table 9. -R2-values for damage vs. varables
DOSE

INTOX-F

TEMPll

INTOXll

BEL

1.CxA

0.087

0.0001241

0.163

0.203

0.405.

2.PIR

0.133

0.0003044

0.242

0.285

0.513.

3.0RB

0.193

0.002

0.328°

0.381°

0.626.

4.INS

0.177

0.0002462

0.245

0.389°

0.636.

5.PRh

0.047

0.001

0.084

0.136

0.203

6.ENT

0.164

0.002

0.173

0.423*

0.732.

7.DG

0.005

0.003

0.024

0.159

0.176

8.CA

0.116

0.061

0.028

0.085

0.092

9.0N

0.018

0.088

0.08

0.329°

0.592.

Note: The r2 values calculated for the correlation between the amount of cell damage
in each area for ethanol treated rats (group E) and the variables of dose, intoxication
and temperature. With the exception of the CA region, the BEL had the best
correlation explaining the variance within each region.
* indicates a significant correlation at the p=0.05 level.
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Table 10.--R2-values for the BEL'svs. other variables

BEL

DOSE

INTOX-F

TEMPll

INTOXll

0.08

0.053

0.127

0.667*

Note: The r 2 values for the correlation between BELand the other factors. The only
good correlation between the independent variables was between the blood ethanol
level (BEL, taken at 11 am) and the intoxication score (INTOXl 1, taken at 11 am).
• Indicates a significant correlation at the p=0.05 level.
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In order to develop a clearer picture of the drug effects, the correlation
between the BEL and damage was taken into account by plotting the first order
regression lines. Figure 14 plots the degenerating cell densities for 9 brain regions for
each rat in groups "E", "E+N600",

"E+DNQX", and E+MK-801" as a function

of average BEL. These plots were made by combining groups "C" and "E" (n=19)
for the ethanol plot, groups "N600" and "E+N600" (n=15) for the nimodipine cotreatment, groups "DNQX" and "E+ DNQX" (n= 19) for DNQX co-treatment, and
"MK-801" and "low E+MK-801"

(n= 18)

for the MK-801 co-treatment.

By

plotting the data this way, the control groups place points at BEL=O. This makes the
conclusions more conservative but gives a cleaner more obvious comparison.
Table 11 shows the linear regression analysis results for each of the lines
calculated in figure 14. The ANOVA results for comparing the multiple regression
lines are found in Table 12. The calculations were based on the statistical methods
decribed in the book by Zar (1984). 236

The table lists the F values for overall

regression comparisons as well as elevation and slope comparisons. The Tukey q-test
was used to find the significant differences for the comparisons that had significant
ANOV A results. There was a significantly decreased slope for DNQX treated rats
in the orbital and insular cortices. A significantly increased slope was found for MK801 treated rats in the orbital cortex.

There was also a significantly increased

elevation for MK-801 treated rats in the cortical-amygdala transition area, piriform
cortex, orbital cortex, and the dentate gyrus.
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2. Piriform Cortex
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3. Orbital Cortex
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4. Insular Cortex
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5. Perirhinal Cortex
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6. Entorhnal Cortex
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7. Dentate Gyrus
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8. CA

Hippocampus
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9. Olfactory bulb
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Table 11.--Least squares best fit equations
no drug

nimodipine

DNQX

MK-801

1. CxA

y=.02x-3.06
r2=.284 p=.02
Sm=.008

y=.007x-.196
r2=.213 p=.08
Sm=.004

y=.002x+.627
r2=.05 p=.35
Sm=.003

y=.063x+6.59
r2=.169 p=.09
Sm=.035

2. Pir

y=.036x-5.77
r2=.341 p<.01
Sm=.012

y=.018x+.167
r2=.248 p=.06
Sm=.009

y=.005x+.021
r2=.165 p=.09
Sm=.003

y=.081x+ 17.9
r2=.061 p=.32
Sm=.08

3. Orb

y=.019x-3.16
r2=.394 p<.01
Sm=.006

y=.002x-.093
r2=.211 p=.09
Sm=.001

y=.OOlx+.02
r2=.133 p=.13
Sm=.001

y=.065x+2.072
r2=.563 p<.01
Sm=.014

4. Ins

y=.024x-3.925
r=.415 p<.01
Sm=.007

y=.Ollx-.556
r2=.326 p=.03
Sm=.005

y=.002X-.107
r2=.271 p=.02
Sm=.001

y=.004x + 1.908
r2=.008 p=.72
Sm=.011

5. PRh

y=.004x-.733
r2=.124 p=.14
Sm=.003

y=.003x-.154
r2=.158 p=.14
Sm=.002

y=.OOlx+.016
r2=.123 p=.14
sm=10-3

y=.OOlx+.135
r2=.097 p=.21
Sm=.001

6. Ent

y=.056x-7. 709
r2=.535 p<.01
Sm=.013

y=.038x-.753
r2=.317 p=.03
Sm=.015

y=.017x+.874
r2=.26 p=.03
Sm=.007

y=.03x+l.954
r=.433 p<.01
Sm=.009

7. DG

y=.029x-3.77
r2=.147 p=.11
Sm=.017

y=.002x+.043
r2=.177 p<.01
Sm=.001

y=.035x-3.154
r=.334 p=.01
Sm=.011

y=.012x+7.406
r2=.005 p=.79
Sm=.043

8. CA

y=.005x-.591
r2=.09 p=.21
Sm=.004

y=.Olx-.494
r2=.057 p=.39
Sm=.012

y=.OOlx+.147
r2=.008 p=.72
Sm=.002

y=-.015x+2.32
r2=.081 p=.25
Sm=.012

9. ON

y=.04x-5.229
r=.458 p<.01
Sm=.01

y=.009x+.397
r2=.244 p=.06
Sm=.004

y=.024x-.405
r2=.246 p=.03
Sm=.01

y=O
r2=0
Sm=O

p=l

Note: This table shows least squares best fit line equations and the r2 values. The
equations that are in bold print have a significant correlation at the p=0.05 level.
The regression p-values area listed. The Sm value is the standard error of the slope.
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Table 12.--Anova's for comparison of linear regressions
multiple regression
ANOVA's
1. CxA

2. Pir

3. Orb

4. Ins

5. PRh

6. Ent

7. DG

8. CA

9. ON

ethanol vs.
nimodipine
q-test

ethanol vs. DNQX
q-test

ethanol vs. MK801
q-test

regr. F=5.643°
elev. F=7.770°
slope F=2.859

q=0.8
q=2.1

q=l.O
q=3.0

q=6...
q=2.0

regr. F=5.651°
elev. F=l0.05°
slope F= 1.170

q=0.1
q=l.6

q=l.2
q=3.5

q=7.b
q=l.6

regr. F=13.10°
elev. F=S.743°
slope F=12.77°

q=2.2
q=3.5

q=2.4
q=4.3.

q=S...
q=4.2.

regr. F=4.404°
elev. F=4.240°
slope F=3.991°

q=0.9
q=2.1

q=3.3
q=4.3.

q=2.3
q=l.7

regr. F=0.760
elev. F=0.732
slope F=0.795

q=0.7
q=0.4

q=l.O
q=l.8

q=l.2
q=0.6

regr. F=2.563
elev. F=2.024
slope F=2.962

q=0.5
q=l.3

q=l.8
q=3.8

q=2.0
q=l.4

regr. F=2.262
elev. F=3.719°
slope F=0.833

q=l.7
q=l.9

q=0.7
q=0.3

q=4.o·
q=0.5

regr. F=l.099
elev. F=l.244
slope F=0.956

q=l.1
q=0.6

q=0.5
q=l.5

q=2.4
q=l.5

regr. F=2.150
elev. F=l.616
slope F=2.570

q=2.7
q=3.3

q=0.1
q=l.4

q=0.3
q=2.6

two tailed
p-values

regression
F values:
num. DF=6
denom. DF=60

elev. & slope
F values
num. DF=3
denom. DF=60

Tukey test
q values
#groups = 4
DP = 60

p=.5
p=.1
p=0.05
p=0.01
p=0.005
p=0.001

1.35
2.25
2.63
3.49
3.87
4.37

1.41
2.76
3.34
4.73
5.34
6.17

1.99
3.31
3.73
4.59
4.92
5.65

Note: The values that are in bold print and starred are significant at the p=0.05
level. The significance level was determined from the bottom table.
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Discussion

Ethanol causes brain damage as function of BEL
As can clearly be seen from table 4 there is no detectable damage found in any
of the controls. A comparison of ethanol treated rats (group E) and controls shows
the obvious effect of ethanol induced degeneration.

Table 9 shows that a significant

portion of the variance in the amount of damage found in the ethanol group can be
explain best by the blood ethanol levels (BEL's).

This indicates a significant

correlation between increased damage as a funtion of increased BEL.

Effect of (>()() mg/kg/day nimodipine
Ethanol can be classified as a Ca2 + antagonist since it has been demonstrated
to decrease Ca2 + entry via both voltage- dependent
channels. 16 ' 129 ' 208

and voltage-independent

Since chronic ethanol administration increases the density of brain

Ca2 + channels as measured by nimodipine binding, 63 excess Ca2 + influx may underlie
the neurotoxic effects that are observed in the 4 day ethanol treatment model. Since
the damage takes place specifically during intoxication,

nimodipine was co-

administered along with ethanol to investigate potential protective properties. Doses
of 10 mg/kg/day (data not shown, preliminary experiment),

100 mg/kg/day

(experiment 1) and 600 mg/kg/day (experiment 2) were tried.
There were no detected degenerating neurons in rats treated with nimodipine
only, indicating that nimodipine is not neurotoxic by itself. The olfactory bulb and
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the orbital cortex were the only areas that showed an indication of reduction in
damage as a result of nimodipine co-treatment with ethanol against the ethanol
induced neuronal degeneration.

Table 4 shows that there is a significant decrease in

damage in the olfactory bulb (ANOV A and Fisher PLSD) when all 6 groups are
compared to each other. Since 3 of those groups have a 0±0 in the olfactory bulb,
they are obviously different and do not have a similar variance to the other three
groups. For this reason it is more correct to do the ANOVA using only the three
remaining groups of E, E+N600 and E+DNQX. Table 7 shows the ANOVA's are
not significant for this three way comparison in the olfactory. The comparison using
linear regressions plotted as a function of the average BELalso failed to demonstrate
that the nimodipine group was different from the ethanol group. The Orbital cortex
did have significant ANOV A's for both the 3 way comparison as well as for the
multiple regression analysis but the orbital cortex was only nearly significant in both
cases. The dentate gyrus also showed an indication of protection but the ANOVA's
were not significant in the dentate for any of the analysis. The conclusion being that
there was no convincing protection by nimodipine in any areas but an indication that
there may be some subtle effect in the olfactory, orbital or dentate.
The highest binding of DHP ligands such as nimodipine occurs in the olfactory
bulb, hippocampus and amygdala. 47 ' 86 ' 156 ' 179 ' 180 ' 202

This may be a possible explanation

for the indication of protection in the olfactory bulb. Even though nimodipine did not
show any significant protection in the dentate gyrus, there was at least an indication
of protection.
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DNQX significantly decreases damage in cortical pyramidal cells
Table 4 shows that there is a statistically lower amount of damage found in the
orbital and insular cortices of the DNQX rats using ANOVA and Fisher PLSD
analysis. This was the only area that showed a significant reduction, but figure 12B
shows that DNQX appeared to reduce damage in all the cortical areas containing
pyramidal cells. There was no evidence of protection in the dentate gyrus granule
cells or in the olfactory nerve. A further analysis of the data plotting the density of
damage as a function of average BEL comparing groups "E" and "E+DNQX" is
shown in figure 14. As can be seen in table 12 that the regression analysis found a
significant decrease in damage in the insular and orbital cortices also. DNQX's
neuroprotective properties are partly due to antagonizing AMPA receptors, as well
as NMDA receptors at the glycine co-agonist site. 98 •108•176•191
dose-dependent

DNQX produces a

blockade of synaptic transmission of the input to layer 2 of the

piriform cortex from the lateral olfactory tract and associational system. 107 The results
in this chapter show that DNQX causes a significant decrease in damage in the orbital
and insular cortical areas which also receive olfactory input. It is interesting to note
that the cell populations that are protected by DNQX are all pyramidal cells.
High densities of AMP A receptors are found in the dentate gyrus, the CA
regions of the hippocampus, the entorhinal cortex, the piriform cortex, and the frontal
cortex. 101 •145 •182

The significant protection by DNQX in the insular, orbital and

indication of protection in the piriform and entorhinal cortices may indicate that
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ethanol's neurotoxicity is related to the AMPA receptor.

However, this is not

consistent with the lack of protection in the dentate gyros granule cells.

High doses of ethanol plus MK-801 are lethal
It was found that the high doses of ethanol that produce BEL'sof 300-500

mg/di were 100% lethal when combined with MK-801 at doses of 1 mg/kg/day or
higher (data not shown). The dose of MK-801 used in the studies presented here was
2-2.4 mg/kg/day, and, as can be seen in table 4, it causes intoxication scores to be
similar to those found in the ethanol-treated rats.

MK-801 causes neuronal degeneration that is increased by co-treatment with ethanol
Continuous

infusion for 5 days of 2-2.4

mg/kg/day

MK-801

via a

subcutaneous Alzet 2001 osmotic pump causes neuronal degeneration in the dentate
gyros, entorhinal cortex, insular cortex, orbital cortex, piriform cortex, and corticalamygdala transition area. The MK-801-induced degeneration is found in all the same
regions as the ethanol- induced damage except for the olfactory bulb.

Figure 12

shows photographs of this degeneration and compares this degeneration with that
found in 4-day ethanol-treated rats. The MK-801-induced degeneration is found in
all the same regions as the ethanol-induced damage except for the olfactory bulb.
Unlike the ethanol treatment, rats treated with MK-801 had no degeneration in the
olfactory nerve terminals of the olfactory bulb glomeroli.
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Acute treatment with MK-801 was previously reported by Olney et al. 171 to
cause a vacuolar reaction, detectable by light microscopy in cingulate and retrosplenial
neurons. The investigation in this dissertation found only one rat with damage in this
area. This may due to a difference in the models and plane of sections being used.
The studies describe here used horizontal planes of section which make it difficult to
clearly observe damage in the dorsal cortical areas such as the cingulate. Olney et al.
used doses of up to 10 mg/kg/day in a single acute injection and found degenerating
neurons within hours after the treatment.

This differs from 2-2.4 mg/kg/day

continuous infusion for 5 days in the present study. Since the retrosplenial cortex
damage is transient, 172 it may not be observable 6 days after the start of treatment.
Sharp et al. 198 also found MK-801, as well as ketamine and PCP, caused
induction of heat shock protein in layers 2, 3 and 5 of posterior cingulate and
retrosplenial cortices.

PCP also caused induction in layers 2, 3, 5, and 6 of the

neocortex, layer 3 of piriform cortex and the amygdala. These studies used single
injections of the drug and were examined 6 hours to 14 days later. The appearance
of heat shock protein appeared to parallel the withdrawal signs by being detected 8
hours after the onset of withdrawal, reaching maximal levels after 24-48 hours and
disappearing by 7-14 days.
Low doses of ethanol, which normally are insufficient to cause damage,
significantlypotentiated the neurotoxic effect of MK-801 in the orbital, perirhinal and
entorhinal cortices. Also, low doses of ethanol potentiated the behavioral intoxication
score of these same rats co-treated with MK-801. A similar finding was found by Wu
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et al. , 234 who showed that ethanol causes motor incoordination in a dose dependent
manner and that 0.1 mg/kg MK-801 potentiated the ethanol incoordination.

In

addition, Danysz et al. 51 also found that MK-801 potentiated ethanol-induced loss of
righting. It is concluded that ethanol and MK-801 act by similar mechanisms and
potentiate each other's effects.
The average cell counts for MK-801 treated (group "MK-801 ") rats (using
the same 9 regions identified in figure 1) are also shown in table 4.
graphically compares the two groups "E" and "MK-801 ".

Figure 13C

Note the similarity in

damage for both distribution and quantity except in the piriform cortex where there
is significantly more damage compared to ethanol, and in the entorhinal cortex and
olfactory nerve where MK-801 causes significantly less damage. Regression analysis
shows a significantly increased amount of damage in the Cxa, Pir, Orb and DG relative
to the amount of damage expected from ethanol alone. This increase in elevations
of the regression lines indicates the increased damage is coming from the effect of the
MK-801.

Table 11 shows that there is a strong correlation between damage and

increased ethanol for the orbital and the entorhinal cortex. For these regions it can
be concluded that ethanol is potentiating the effect of MK-801 alone.

NMDA receptors, MK-801, and ethanol
The NMDA receptor has been implicated in other well established models of
neurotoxicity, especially excitotoxicity. 31 ' 32' 33 ' 178

Agents such as MK-801 that block

the NMDA receptor have neuroprotective properties against insults such as high
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glutamate- or NMDA-induced excitotoxicity, seizures, ischemia, or hypoxia. 73 ·76 ·190·170
Similarly,

acute

ethanol

properties, 11,12,118,119,183

has

also

shown

neuroprotective

anticonvulsive

possibly because of ethanol's ability to inhibit NMDA-

mediated depolarizations. 133

Further evidence that ethanol inhibits NMDA receptors

is that long-term potentiation in rat hippocampus is inhibited by low concentrations
of ethanol.
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Ethanol blockade of the NMDA receptor also correlates with decreased

glutamate binding in the presence of ethanol. 50
If such inhibition of NMDA receptors was prolonged, it could cause their up-

regulation.

Hippocampal synaptic membranes from post-mortem alcoholic human

subjects had a significantly higher density of glutamate binding sites and also a higher
affinity of [3H]PCP sites. 140

Chronic ethanol has also been shown to increase the

number of MK-801 binding sites 87 '92 and, conversely, MK-801 has been shown to
attenuate ethanol withdrawal seizures. 87 '88 '152

Both MK-801 136

and ethanol 53 have

been shown to increase the sensitivity of rats to NMDA-induced brain damage. Thus,
an increase in NMDA receptors may underlie both the toxicity as well as the
sensitivity to seizure activity.
Autoradiographic binding studies in rats, non-human primates, and humans
reveal that all the areas that are affected by MK-801 or ethanol toxicity also have a
high level of NMDA-sensitive [3H]glutamate
[3H]MK-801

binding. 75,101,144,146,147,148,149,193,235

binding complements the NMDA receptor map very closely, showing

its heaviest binding in the dentate gyrus molecular layer, CAl stratum radiatum, and
outer layers of the cortex. 4'18 '150

A study of [3H]MK-801

binding in human brain

121
revealed heavy binding in the dentate gyrus and in the pyramidal layers of the
hippocampus, subiculum, and entorhinal cortex. 105 Recall that the heaviest neuronal
degeneration from subchronic ethanol is seen in the dentate gyrus and the entorhinal
cortex.

Conclusions

Low doses of either ethanol or MK-801 have previously been shown to have
neuroprotective

properties, possibly due to their ability to inhibit the NMDA

receptor, are shown here to be neurotoxic in high doses when given for 4-5 days.
Furthermore, ethanol in low, relatively non-neurotoxic doses, significantlypotentiates
the MK-801 neurotoxicity in several brain areas. The mechanism may involve the upregulation of the NMDA channel and the creation of a super-sensitivity to glutamatestimulated influx of Ca2 +.
Calcium

entry

is

thought

neurotoxicity. 32 •35 ' 128 ' 132 ' 167 ' 168 ' 187

to

be

important

in

many

types

of

Three receptors provide routes of entry for

extracellular Ca2 +: the Non-NMDA/AMPA

receptor, which can be inhibited by

DNQX, the voltage-gated Ca2 + channel, which can be inhibited by nimodipine, and
the NMDA channel, which can be inhibited by MK-801 and to a lesser extent
DNQX. DNQX produced a significant reduction of damage in the insular and orbital
areas and some indication of protection in the entorhinal cortex and piriform cortex,
indicating that activation of this receptor
neurotoxicity.

system is important

in ethanol's

Neither low nor high doses of nimodipine were able to reduce the
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amount of damage implying that VGCC are either not involved or are not the only
major source of Ca2 + flux. The role of the NMDA receptor and MK-801 will be
treated in the next chapter.

CHAPTER?

GENERAL DISCUSSION

The data presented in this dissertation support the hypothesis that increased
intracellular Ca2 + mediates aspects of the neuronal toxicity following subchronic
ethanol exposure.

Furthermore, the data are consistent with the possibility that

NMDA receptor up-regulation may underlie these Ca2 + changes. Subchronic high
dose ethanol intoxication in rats causes selective degeneration of the pyramidal layer
of cells in the entorhinal, perirhinal, insular, orbital, and the piriform cortices as well
as in the amygdala and the dentate gyrus granules cells. Subchronic treatment of rats
with the NMDA antagonist, MK-801 (2-2.4 mg/kg/day for 5 days), causes neuronal
degeneration in the same brain areas as does subchronic ethanol. Ethanol at low BEL's
along with MK-801 potentiates this damage. (High BEL'swith MK-801 were 100%
lethal.) In addition, the areas that are damaged by subchronic ethanol intoxication
all show a high level of NMDA-sensitive glutamate binding. 101 •144•146•147•148•149•193 •235
Both MK-801 39 •40•169 ' 170

and ethanol 59 ' 96 ' 126

inhibit the NMDA receptor acutely, but

have been shown to lead to up-regulation after either chronic ethanol exposure92 ' 97 ' 220
or 24 hours after a 1 mg/kg ip injection of MK-801. 136
gated Ca2 + channels (VGCC) 22 ' 63 ' 64' 90 ' 138 ' 202
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The up-regulation of voltage

and the down-regulation of GABAA
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receptors 22 ' 68 ' 69 •10•79 ' 184 ' 188

(which can increase cell excitability leading to increase Ca2 +

influx via VGCC) are also a consequence of prolonged ethanol exposure.
Subchronic ethanol-intoxicated rats, that were co-treated with the AMPA
receptor antagonist DNQX (0.24-0.29

mg/kg/day, icv, for 4 days) displayed

significant reductions of the ethanol-induced damage in the entorhinal, insular, orbital
and piriform cortices as well as in the cortical-amygdala transition area (CxA), all of
which are regions with high levels of AMPA binding. 101 •145 •182

This protection is

explained by the fact that blockade of the AMPA receptor would decrease the
excitability of neurons 9 ' 49 and decrease the voltage-sensitive Ca2 + influx via the NMDA
receptor/channels 164

and VGCC. 195 Co-treatment of subchronic ethanol-intoxicated

rats with 600 mg/kg/day nimodipine (intragastric), a VGCC antagonist, failed to
produce any statistically significant protection in any of the brain areas. This may be
due to the NMDA receptor/channel playing a more prominent role in the ethanolinduced damage.
In order to more clearly understand the mechanism of ethanol-induced
degeneration found in the studies done for this dissertation as well as integrate the
findings of other investigators, a model has been developed and is shown in figure 15
(next page). Even though ethanol appears to have specific effects on receptors and
ion channel systems, there is still no evidence of an ethanol binding site on any of
these protein molecules. Current thinking is that ethanol has allosteric effects on these
receptor/ion-channel molecules by changing the microenvironment of the membrane
in which these molecules are found.
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#1. Normal situation
water bridges to receptor proteins

ea2+

#5. increased ca2+ flux
activates desructive
mechanisms within the cell
protein kinase C

Na+

ca2+/calmodulindependentprotein kinase II
phospholipases
proteinases
proteinphosphorylation

#2. Ethanol's
dehydration of membrane

change in micro-environment
water bridges disrupted,
decreased activity of NMJA
receptors and increased
activity of GABA receptors

#3. prolonged decrease in ea2+
causes up-regulation of NMDA ';::::~::::
receptors and VGCC
#4. prolonged increase in er
causes down-regulation of
GABA receptors

ea2+
activated by
phenobarbita I
Cl"

Figure 15.

exposed
gangliosides
degraded by

Degradation of structural proteins by enzymes and free radical production

Possible pathways in ethanol-induced neuronal degeneration.
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Possible pathways in ethanol-induced neuronal degeneration

#I-Ethanol's acute effects on the synaptic membranes
Klemm 115 has postulated that gangliosides, which are found in hydrogenbonded

clusters around

receptor

proteins,

are disrupted

by ethanol.

The

"dehydrated" gangliosides, so-called because the hydrogen-bonded seal is disrupted,
are able to diffuse laterally where they are exposed to sialidase enzymes.

Thus,

ethanol could disrupt the normal micro-environment (#1) of the membrane around
the affected receptor proteins, possibly by removing the gangliosides that are clustered
around these proteins (#2).
Klemm et al. 113 ' 114 found that total brain gangliosides decreased 25 % and free
sialic acid increased 15 % in mice one hour after a single dose ethanol treatment.
They also found that pretreatment with ganglioside or sialic acid attenuated ethanolinduced decrements in locomotion, nose-poke exploration and anxiety. 77 It should
be pointed out that others have failed to confirm these findings in rats. 141

#2-Affect of acute ethanol exposure on membrane receptors
Acute exposure to ethanol causes a decrease in Ca2 + influx through both the
NMDA receptor59 ' 96 ' 126

and the VGCC. 22 •117

potentiating affect on GABAA

er influx. 1' 22 ' 162' 210

In addition, ethanol also has a
All three of these actions decrease

the excitability of neurons. The immediate effect of this may decrease the Ca2+ influx
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through the NMDA receptor/channel and VGCC as well as increase the influx of er
through the GABA receptor/channel.
MK-801 has repeatedly been shown to have profound protective properties
against various excitotoxic types of neuronal injury such as ischemia and seizureinduced damage by blocking the NMDA receptor and resultant Ca2 + influx. 39 •40 •169•170
Nimodipine has also shown similar protective qualities in similar models by blocking
Ca2 + influx through VGCC. 154 DNQX, which blocks depolarization of the membrane
and hence would indirectly block activity at both the NMDA receptor and the VGCC,
has also been effective as a neuroprotective agent. 98 ' 108 ' 176 ' 191

It is possible that acute

ethanol should be added to this list since it also decreases the influx of Ca2 + via both
NMDA59 ' 96 ' 126

receptor-mediated ion channels and VGCC. 22 •117

#3-Neurotoxic effects of chronic exposure to ethanol and MK-801
Prolonged exposure to ethanol results in an up-regulation of NMDA
receptors, 92' 97 ' 220

PCP binding sites 140 and MK-801 binding sites. 87 ' 92

Pretreatment

with either MK-801 136 or chronic ethanol53 increases the sensitivity of rats to NMDAinduced brain damage. This increase in NMDA receptor number would correspond
with

an

increased

toxicity. 32' 128 ' 167 ' 168 ' 187

sensitivity

to

glutamate

Glutamate-induced

45

stimulation,

which

results

in

Ca2 + accumulation by cortical neurons

is closely correlated with resultant neuronal degeneration. 132
The data presented in this dissertation found a striking similarity in the damage
caused by subchronic ethanol and subchronic MK-801 exposure. The implication is
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#5-Increased intracellular Ca2+

Increased intracellular Ca2 + concentrations would activate degradative enzyme
systems. 32

This would destroy important structural proteins, 201 as well as activate

phospholipases leading to the increase in arachidonic acid levels and production of
oxygen free radicals. 29 This would greatly stress the structural integrity of the neuron.

Withdrawal effects of ethanol

The data contained in this dissertation demonstrates that the neurotoxicity
observed after subchronic ethanol intoxication does not depend on withdrawal.
Nevertheless, there is mounting evidence that withdrawal results from the increase in
NMDA receptor activity. MK-801 has been shown to attenuate ethanol withdrawal
seizures, supporting the idea of NMDA receptor involvement. 87 ' 88 ' 152

Another

interesting finding is that cFOS expression, which is sensitive to changes in
transmembrane ion flux, is greatly enhanced in the dentate gyrus and piriform cortex
after treatment with NMDA and that a similar increase in cFOS expression is found
after ethanol exposure in rats. 151

The increase in cFOS was found to be present

during the first few hours of withdrawal but returned to normal during late
withdrawal.
Majchrowicz found that increased binding of 45 Ca2 + in hippocampus of 4-day
ethanol-treated rats returned to normal after withdrawal, indicating that increased
Caz+ influx may precede and be a cause of withdrawal signs. 224 Nimodipine· has also
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been shown to attenuate withdrawal signs after ethanol exposure indicating that
VGCC may play a role. 62 ' 63 ' 64

In addition, the up-regulation of VGCC is larger for

mice that were selectively bred for sensitivity to ethanol withdrawal seizures. 21
The conclusion is that blockade of the NMDA receptor or VGCC results in upregulation of both.

This up-regulation occurs during intoxication, preceding

withdrawal, and may be the reason for withdrawal signs. Withdrawal signs would
continue until the NMDA receptors and VGCC number return to normal.

It

therefore appears that the toxic effects of ethanol are independent of seizures and may
be due to an increased influx of Ca2 + prior to withdrawal.

Long term consequences of ethanol exposure
Chronic alcoholism with dementia has been shown to be accompanied by a
degeneration of cholinergic neurons in the basal forebrain. 5 ' 166 ' 229
forebrain has cholinergic projections 100•137•139•229

Since the basal

to the same areas of the brain that

are injured after subchronic ethanol intoxication, and since nerve growth factor (NGF)
appears to be required for survival of basal forebrain cholinergic neurons, the death
of these hippocampal and cortical cells would eventually lead to death of the basal
forebrain cells. 80 ' 229 ' 232

In addition the hippocampal and cortical cells have the

highest concentration of NGF protein and mRNA found in the brain. 80 •229 •232
Another consequence of chronic alcoholism is thiamine (vitamin B6) deficiency
which is linked to neuronal death in the mammillary bodies and thalamus. 12 ' 127

There

was, however, no evidence of degeneration in these regions in the subchronic ·ethanol-
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treated rats. Thiamine deficiency, which does not affect cells that are rich in NMDA
receptors,1 27 appears to have no role in subchronic ethanol toxicity.

Comparison of the patterns of ethanol-induced brain damage with those of other
neurotoxic insults

In order to gain even further insight into the mechanism or mechanisms
underlying ethanol-induced

neuronal degeneration, the patterns of degeneration

described in this dissertation are compared to patterns seen in other types of
neurotoxicity.

Table 13 (next page) shows these comparisons.
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Table 13.-Comparison map of other neurotoxins
insult
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Note: Comparison of the distribution of degeneration in various brain regions after
specific insults listed in the left column of the table. The letters in the table refer to
source of this information.
A-subchronic ethanol treatment, Switzer et al. 211
B-subchronic ethanol treatment, this dissertation
25 26 185 226 227
C-Chronic ethanol in liquid diet or ad lib23 • • • • •
D-subchronic MK-801 treatment, this dissertation
E-acute MK-801 treatment, Olney et al. 170
F-ICV NMDA injection225
G-ICV Kainate injection91 ' 158
H-ICV glutamate injection225
1-ICV zinc chloride injection122
J-ICV colchicine injection81 ' 82
M-ischemia model 43 ' 48
N-seizure model 158 ' 219
0-Gallyas pressure trauma model221
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Table 13 shows that toxicity due to the 4-day subchronic ethanol treatment
is very similar to that following subchronic MK-801.

There are similar patterns

produced by kainic acid; however, kainic acid did not affect the dentate granule cells.
The dentate

granule cells were affected by ethanol treatment,

glutamate, 225

NMDA, 225 colchicine, 81 ' 82 and physical compression. 221 Colchicine, an agent that has
an affinity for tubulin, selectively kills granule cells in the dentate gyrus when injected
into the hippocampus. 81 ' 82

It was noted that GABAergic cells were preserved. 186

Zinc has also been implicated to be toxic at elevated concentrations (zinc chloride
ICV) by selectively destroying the dentate gyrus granule cells, and CAl and CA3
neurons in the dorsal hippocampus. 122
Goldschmidt and Steward theorized that zinc or some other cellular product
that is normally not toxic because of intracellular compartmentalization becomes toxic
if normal compartmentalization is disrupted. 83
transport.

This may be due to a disruption of

Goldschmidt and Steward82 noted that the earliest sign of granule cell

death due to colchicine is a disruption in the mossy fiber layer.

This would be

consistent with a disruption of transport. This could indicate that the dentate gyrus
granule cells are hyper-sensitive to disruption of structural elements. This would be
consistent with ethanol, glutamate and NMDA causing an increase in Ca2 + influx
leading to degradation of structural proteins.
Sustained kainic acid-induced limbic seizures produce widespread hippocampal
pathology affecting CA3 pyramidal cells the most and dentate granule cells the
least. 158 It appears that the CA hippocampal cells are more vulnerable to seizure type
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excitotoxic damage and dentate gyrus granule cells tend to be resistant to damage
caused by seizures and ischemia.
The layer 3 cells of the entorhinal cortex are severely affected by ethanol,
whereas compression seems to cause damage to layer 3 cortical pyramidal cells in
general. 221 This could indicate that, similar to the dentate gyrus granule cells, cortical
pyramidal cells may also be very sensitive to structural disruption.

Conclusions
In conclusion, the degeneration pattern caused by MK-801 is strikingly similar
to that caused by ethanol intoxication.

Both agents have been shown in inhibit

NMDA receptors when given acutely and thus have protective properties against
excitotoxic insults. However, chronic exposure to ethanol has been shown to upregulate NMDA receptors and may trigger neurotoxic events due to increased Caz+
flux via the NMDA receptor channel.

It is likely that subchronic MK-801 triggers

similar events. The cells that seem to be most vulnerable to chronic ethanol exposure
are also rich in NMDA receptors.

It is important to note that damage caused by

seizure models does ·not explain the pattern of degeneration caused by ethanol or MK801.
The up-regulation of both NMDA receptors and VGCC would increase the
likelihood of excessive Ca2 + entry, thus leading to increased vulnerability to proteinase
activity and free radical concentrations.

The toxic properties of ethanol may not be

due to any one mechanism but rather to a summation of several simultaneous
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neurotoxic mechanisms that together lead to an increased probability of cell injury or
death.

SUMMARY

The objectives of the research reported in this dissertation were to determine
if alcohol-induced brain damage in a well-established "binge" model of alcohol
dependence in rats is dependent on Caz+ influx mechanisms.

Ethanol intubated in

adult male rats over a 4-day period produced, extensive neuronal degeneration in
brain cortical regions involved with memory and olfaction.

Visualized with the de

Olmos cupric-silver stain, the largest numbers of degenerating neurons were seen in
the hippocampal dentate gyms (granule cells) and the entorhinal cortex (layer 3
pyramidal cells). Degenerating pyramidal cells were also found in the perirhinal cortex
(layer 3), the piriform cortex (layer 2), the insular cortex (layers 2 and 3), the lateral
orbital cortex (layer 2), and the cortical nucleus of the amygdala.

Additionally,

degeneration of the olfactory nerves and terminals in the olfactory bulbs was
observed. Withdrawal did not increase the amount of damage, since rats sacrificed
36 hours after the last ethanol dose showed about the same extent of degeneration
as rats sacrificed immediately after the 4-day treatment.

Damage was non-existent in

vehicle controls and was negligible when the average blood alcohol levels were below
300 mg/di.
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In order to investigate the importance of Ca2 + influx, three drugs; DNQX
(AMPA receptor antagonist), MK-801 (NMDA receptor antagonist), and nimodipine
(voltage-gated Ca2 + channel antagonist), which have neuroprotective properties in
other neurotoxic models were each co-administered with ethanol. Co-administration
of DNQX, 0.24-0.29

mg/kg/day icv, with the 4-day ethanol treatment showed

protection in insular and orbital cortices and an indication of protection on other
cortical pyramidal cells containing areas such as the entorhinal and piriform cortices.
Co-administration of MK-801 (2-2.4 mg/kg/day) was 1003 lethal, and, surprisingly,
MK-801 alone cause damage itself in the same areas as did subchronic ethanol
intoxication, with the exception of the olfactory bulbs. The MK-801 damage was also
potentiated by low, otherwise non-toxic BEL'sof ethanol. Co-administration of 600
mg/kg/day of nimodipine, via the intragastric cannula, during the 4 day ethanol
treatment failed to significantly protect in any of the areas.
The explanation of the results involve both MK-801 and ethanol's ability to
block the NMDA receptor and induce an up-regulation during chronic exposure, thus
making the cells super-sensitive to glutamate induced toxicity. Blockade of the Ca2 +
influx via the voltage-gated Ca2 + channels with nimodipine did not significantly protect
due to the NMDA receptor/channel Ca2 + influx being more important.

And since,

both the VGCC or the NMDA channel depends on depolarization, the blockade of
the non-NMDA receptor with DNQX may have decreased Ca2 + influx indirectly
through both these channels.
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